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Abstract
Financial issues play a critical role in the strategic design of supply chain networks
(SCNs). They have a strong impact on the structure of supply chains (SCs). In-
vestigation of the literature evidences that many aspects of financial issues in SCN
designing are still far from being fully integrated in the existing models. Most of the
studies have ignored that the SCs’ financial performance stems from its account-
ing information system (AIS). This study reviews the development of SCN designing
models that integrate financial and operational issues in a holistic optimising ap-
proach. Considering main characteristics of the models in a redesigning approach,
our models deliberate the previous configuration of the SCN to recommend con-
trolled, minimal changes when new products are launched to the SCN’s new and
existing markets. The main uncertainties of a real market are reflected as demand
and price uncertainties as well as their correlation in markets.
In the first proposed model, a basic multi-period, multi-tier, multi-product SCN
redesign model is introduced to consider launching new products in markets. When
new products are introduced into a supply chain, the existing logistics may no longer
optimally meet the objectives of the enterprise. The basic model provides an analyt-
ical approach to redesigning a supply chain network (SCN), considering its current
infrastructure. While aiming to maximise total profit, we take into consideration the
demand and price uncertainty and their correlation as two important risk factors, and
formulate them using associated Brownian motions employed in a real options pric-
ing approach. Our model captures multiple periods and cash flow aspects through
a nonlinear structure. In the solution approach, we apply a novel piecewise linear
conversion. Our theoretical model is complemented by a realistic case study from
the Australian cement industry. We demonstrate significant improvements in the fi-
nancial position of the company after redesigning its SCN. For instance, the SCN
xvii
redesign increases total profit by 49%, while the profit from the existing product in-
creases by 23%. The results also indicate that ignoring the effect of the correlation
leads to profit overestimation.
Incorporation of financial and operational risk management is the key contribu-
tion of the second model, which contemplates maximisation of the financial perfor-
mance indicators (FPIs) rather than profit. The second model (called the FPI model)
proposes a novel organisation that uses essential accounts existing in the basic
financial statements of an SCN company to delineate how the strategic financial
considerations can influence the network structure and its operational flows. The
proposed model takes the existing SCN structure into account, and redesigns the
optimal supply network when new products are introduced to markets. It ascertains
the future financial position of the company, as well as the optimal levels of loans
and the proportion of available cash required for financing the new design. As a
company’s measure of profitability is related to the uncertain demand and price of
new products, we consider stochastic continuous and correlated processes to char-
acterise these uncertainties. The final nonlinear model is solved by employing a
piecewise linearisation method. We examine the applicability of the model by de-
signing a realistic case study of an Australian SCN company and comparing the
results with a profit maximisation model. Furthermore, we evaluate the resulting fi-
nancial ratios with real ratios aimed at representing the reliability of the model and
introducing future target values for the ratios. This study offers several managerial
insights regarding the FPI model. For instance, considering inventory values as a
current asset in designing an SCN leads to a realistic design that is aligned with
financial statements and is also reportable to creditors and investors.
xviii
Chapter 1
Introduction
1.1 Introduction
In today’s highly competitive business environment, the frequent launch of new prod-
ucts is an integral part of companies’ growth strategies. Manufacturing companies
are under increasing pressure to reduce time to market and the cost of introducing
new products. As product life cycles continue to decrease, compressing the lead
time and accelerating new product introductions become more critical. On the other
hand, once a product is launched, the firm’s existing supply chain may no longer
be optimal as a result of the changes made in the logistics network. This demands
that the firm either design a new supply chain from scratch or redesign the existing
supply chain with a consideration of its current infrastructure. However, in a cost-
conscious economy, the former approach appears to be inefficient, both financially
and operationally. Therefore, with supply chain agility as the centerpiece, we con-
sider the problem of optimally redesigning a supply chain in a multi-period setting,
while considering the stochastic nature of demand and price.
The supply chain (SC) structure is often changed according to a strategic busi-
ness growth plan (cf. Nagurney (2009)). The new product development (NPD) pro-
cess is a key growth strategy which often leads to developing new markets and
restructuring the existing supply chain network (SCN) to ensure a successful launch
(Petersen et al., 2005). Managers may have to shut down some facilities, open some
1
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new ones, or change their applications. Instead of a new product launch or market
diversification, the SC may nominate some existing products in support of market
expansion. To achieve these objectives, SCN design (SCND) would be important in
determining which facilities should operate, and when and where new ones should
be brought into play to best satisfy customer demand while avoiding market uncer-
tainties. One approach in dealing with such problems is designing an entirely new
network, given the new information and requirements (e.g. see Tsao (2016)). How-
ever, it is more realistic to take the existing infrastructure into consideration, and
redesign the SCs rather than create entirely new ones.
Redesigning an SCN is a long-term strategic decision that considers the inher-
ent level of market risk, cost of capital, and price and demand uncertainty. Although
managers are conscious about covering demand and price uncertainty in the mar-
ket, the selection of an appropriate method in an SCN with many operational ele-
ments is still questionable. The law of demand reveals the typical correlation be-
tween the demand of a product or service and its price, but how can the new optimal
design of an SCN cover the resultant profit downgrade?
We firstly model the stochastic process of demand and price of products in mar-
kets using two correlated geometric Brownian motion (GBM) processes in a real op-
tions context. GBM is a time-evolution stochastic process represented by a stochas-
tic differential equation. GBM is usually used in mathematical finance to model stock
prices. Real options are future cash flows, which are contingent on the value of a
stochastic variable at some point in the future (Copeland et al., 2001). As a dis-
cipline, real options analysis has a general application in decision making under
uncertainty.
The second model is developed by contemplating financial performance mea-
surements that introduce a pragmatic and holistic way of optimising profitability in
the supply chains (Gunasekaran and Kobu, 2007; Camerinelli, 2009). We have
inferred from the literature review that most of the research in SCN design only con-
siders profit maximisation or cost minimisation rather than a view of the complete
2
Chapter 1. Introduction
financial statement of the SCN.
Profitability is intended to be the main goal of a business; however, the perception
of managers in calculating profit seems to make significant differences. Operational
managers always have revenue and directly related costs in mind (Zhao and Huchz-
ermeier, 2015), whereas financial managers take the owners’ or shareholders’ view-
point and consider three other main goals - investment, financing and dividends - in
trying to meet the company’s objective of maximising the value of total equity (Guillen
et al., 2007). In any project in a company, the financial manager’s main concerns
are the efficient sourcing of funds and their effective use, but for the operational
managers, the concerns are the well-organised sourcing of material/labour and the
effective organisation of the marketing and selling of products. Although these two
different perspectives may prove challenging during the design stage of projects, it is
vital to carefully manage their interactions, as these are the lifeblood of the company
and thus of greater profitability. SCN redesign as a strategic development project re-
ceives much attention in SC companies (Farahani et al., 2014). Investigation of the
relevant studies in this field illustrates that most of them ignore the above-mentioned
financial manager’s point of view (Longinidis and Georgiadis, 2014). It seems that
the authors generally focus on only the operational manager’s concerns.
In the second model, we employ corporate finance concepts to shed light on
the definition of several profitability measures introduced in accounting information
systems (AIS) (e.g. net operating profit after tax (NOPAT), earnings before interest,
taxes, depreciation, and amortisation (EBITDA)). Investigation into the elements of
the main financial statements of an SCN (e.g. depreciation, tax, interest expenses,
dividends, revaluation surplus) will help calculate total equity during the strategic
periods of a plan in such a way that the investors will be confident their money is
being managed well.
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1.2 Research problem
In the contemporary business environment, every chief executive officer (CEO) knows
that although profit maximisation seems a logical goal for the business, it has some
serious drawbacks. At first, it is hard to pin down what is meant by profit. In many
cases, financial managers’ perception of the profitability of strategic decisions is
different from the other directors’ understanding - especially the operations and pro-
duction managers. The main reason for the inferred conflicts is that companies
utilise accounting information systems (AISs) for all monetary functions. The AIS
recognises profit after interest, taxes, and depreciation costs, which are not usually
considerable for the executives. The second problem is that the timing of cash flow
in a company affects its value. This means that profit maximisation does not distin-
guish between a dollar today and a dollar in the future. Finally, profit maximisation
ignores the risk associated with cash flow, which means the value of a safe dollar is
more than that of a risky dollar. In fact, a CEO needs a goal that ponders over the
company’s cash flow and reflects both its timing and its riskiness. This goal is de-
termined as the value of the business, which is measured by financial performance
indicators (FPIs) (Parrino et al., 2014). As mentioned before, most companies today
act as an integrated Supply Chain Network (SCN), and the aforementioned prob-
lems obviously can be obviously perceived in SCNs.
On the other hand, in today’s competitive environment, managers need to change
and grow the SCs using growth strategies. New Product Development (NPD) pro-
cess is a common strategy that SCs select to develop their network. Since they will
encounter a range of complex decisions and results, managers prefer to experience
controlled, minimal changes in the design stage. Indeed, they choose to redesign
the existing structure of the SC rather than create a new one. Redesigning consid-
ers the main configuration of SCs - particularly the location of working facilities. In
conclusion, in redesigning and optimising an existing SCN, organisers grab the SC
by the scruff of the neck, keeping FPIs as the objectives.
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From the academic viewpoint of the research problem, vast literature on SCN
designing and optimisation issues can be found. However, literature is also reach
regarding the measuring of a company’s financial performance and challenges (Par-
rino et al., 2014; Molina-Azorı´n et al., 2009). It is evident from the literature review
presented in the next chapter that the integration of these two sets of problems is still
in its infancy. Although some rare studies were noted (Guillen et al., 2007; Longinidis
and Georgiadis, 2011), they ignore the existing structure of the chain and suggest a
new optimal model without regard to the current financial performance of the com-
pany. SCNs usually have an existing structure that works in a non-optimal framework
and reports determined financial statements. It is so important to consider the cur-
rent elements of the chain for designing a new structure - especially the present
products’ logistics and their profitability in the company’s current statements. This
assures executives that implementing the new structure imposes minimum changes
on the SCN. Present models do not link the previous financial performance of the
chain to the newly designed one. They also lack some substantial financial concepts
- specifically, time and risk effect of cash flow (Sahling and Kayser, 2016).
Initially, with the help of a critical literature review, we develop a basic well-
prepared model to mitigate products’ demand and price uncertainties as well as
their correlation in the markets. Then, considering the effects of present products’
profitability in our redesigned SCN, we try to address some of the most important
problems associated with redesigning a new, optimal SCN, evaluating the FPIs of
the company after applying predicted changes in the model.
1.3 Research questions
In the current research, as a result of the research problem, a novel methodology
based on optimisation theory is explored to reply to the main research question:
How can an existing SCN be optimally redesigned by considering financial
performance concerns?
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Responding to this question creates sub-questions in three clusters. First, the
leading strategic questions answered in the SCN redesigning stage. are (Klibi et
al., 2010):
• Which structure suits the existing configuration of an SCN?
• How does launching a new product affect the structure of the SCN?
• In the new structure, how many new distribution centres should be established,
and where?
• How much capacity for production and storage should there be for new prod-
ucts?
• Which DC/market regions should be supplied by each factory/DC?
Second, uncertainty/risk concerns in the designing of an SCN bring another im-
portant issue mainstream, with some relevant questions (Tang, 2006):
• What are the most significant sources of SCN risks?
• Which methods have been utilised in the literature for the mitigation of uncer-
tainties in SCNs? Which one suits our problem definition?
Lastly, the prominent questions answered in the field of the company’s financial
performance are (Parrino et al., 2014):
• How can an existing SCN be optimally redesigned by considering FPIs?
• What are the most significant sources of risk in an SCN that represent the
financial performance of the SCN company?
• How much internal available cash and external borrowed loans should an SCN
company use to finance its SCN redesign project in complying with its financial
structure?
The above research questions will provide the essential building blocks for con-
structing our proposed models, which will be explained in Chapters 4 and 5.
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1.4 Research objectives
Regarding different perspectives listed in the previous section about SCN designing,
this study aims to achieve the following objectives:
• Redesign an existing SCN with regard to the main strategic, tactical and op-
erational decisions of an SC - especially the number, capacity and location of
existing facilities in each tier.
• Plan an NPD program and launch new products to the existing or new markets
with regard to the establishment of new required DCs.
• Consider uncertainties in important parameters of the SCN, defining an appro-
priate solution for mitigating risks.
• Integrate FPIs to the model and optimise the value of the chain related to a
system of analysis (i.e. AIS).
1.5 Contributions of the study
The contributions of this study that help bridge the existing gap in the literature
(provided in Chapter 3) can be summarised as follows:
• Deliberation in demand and price uncertainties simultaneously in a multi-period,
multi-product SCND problem by employing two GBM continuous processes,
including their drifts and volatilities.
• Consideration of product demand and price correlation in markets by defining
the correlated GBM continuous processes in a real option framework.
• Introducing a novel linearisation method using a piecewise linear transforma-
tion.
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• Implementation of the SCND model in a detailed, realistic case study from the
Australian cement industry.
• Employment of corporate finance concepts, especially financial statements
and ratio analysis, to integrate common operational considerations of SCND
problems with the financial issues expressed by creditors, investors, and stock-
holders.
1.6 Scope of the study
This study aims to enrich the SCND literature by presenting a detailed mixed-integer,
nonlinear programming (MINLP) problem which measures the FPI of an optimal re-
designed SCN. We remark on the existing structure of an SCN in our redesigned
configuration to observe the effect of launching new products to market as a growth
strategy. The model meets uncertainties of products’ demand and price in markets
simultaneously with regard to a Real Option framework. This research considers
manufacturing companies which work as an SC. As newsvendor concepts are used
to show demand uncertainty, the proposed model will accept only perishable prod-
ucts which include the most types of products in the manufacturing industries such
as food, cement, concrete, medical goods, etc. (Nagurney et al., 2013). We em-
ploy the newsvendor problem style in regard to the applicable service level and its
associated costs in our formulation. Redesigning a multi-tier, multi-product, multi-
period SCN model could support SC managers in strategic, operational and tactical
decision-making. The practical implementation of the model is illustrated by prepar-
ing an SCN case study through real data from an Australian cement industry. We
compare our redesigned network results with the existing one in several instances
to demonstrate how launching new products will affect the FPI of the SC.
Our study has a broad application in all supply chains, especially ones that utilise
models and concepts of SCN design from academic literature. All financial concepts,
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and even the same constraints of our model, could be applied to other existing SCN
design models that calculate profit or total cost of the chain (e.g. Amiri et al. (2018);
Haddadsisakht and Ryan (2018); Varsei and Polyakovskiy (2017)). We strongly
believe that by changing the main objective function of these studies to a financial
performance objective, and/or using financial statements’ limitations in the relevant
constraints, the models will amend from a suboptimal solution to a more holistic,
optimal one.
1.7 Significance of the study
The structure of a physical SCN is determined by two bookends; markets and man-
ufacturers. An SC’s final market and the service it provides on one side, and the
position of its manufacturers on the other, dictate where an SC establishes DCs to
serve its customers. The more unreliable the structure of network - because of sup-
pliers being located farther away, for example - the more inventory needs to be held
in DCs to ensure service level. Nevertheless, increased product handling, inventory
and transportation costs are the things SCs want to avoid. Each touch between the
points of manufacturers and markets incurs cost and increases the risk of error and
damage. Inefficient SCN designing can lead to poor utilisation of existing DCs, too
many new DC establishments, and excessive handling. The consequences leave
evidence of high distribution costs and poor customer service levels. For instance, in
2001, over-optimistic estimates on demand forced Cisco - an electronics SC - to es-
tablish more DCs to meet customer demand that never materialised. This cost finally
deducted $2.2 billion of the profit as an excess stock (Chopra and Meindl, 2016).
A huge number of events can affect the customer demand in SCs. In the design-
ing stage, organisers are responsible for managing these unexpected events and
determining the structure of the SC. There is a high risk in launching a new product
- it may not sell as well as expected. Product launch plans will influence the demand
and price of other existing products in a market. The blueprint for mitigating demand
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and price uncertainties that minimises handling while meeting the SC’s service level
can be achieved by redesigning and optimising a wide range of cost and service
options.
On the other hand, what really matters to top managers are the SC’s endgame
objectives. They are compelled to manage, consistently and regularly, so they
should set realistic goals for improvement. FPIs let them measure their performance
as compared to their goals. The SC gets a better return on its redesigning invest-
ment project when its financial performance is improved or returns to a performance
level similar to before, when less money was being spent.
It is evident that companies with outstanding products, new machinery, and novel
marketing methods have gone out of business because they mistook profitability
in their cash flow or income statements (Parrino et al., 2014). Even if the state-
ments are well prepared, their varying profitability measures will confuse investors
or decision-makers if these groups misunderstand the application of each measure
in AIS (Romney et al., 2000). Table 1.1 demonstrates several profitability measures
of WalMart Inc. in terms of both vertical and horizontal analysis. As can be seen,
the horizontal trends of the measures are almost the same, but when it comes to
changes over two years, they are quite different. For instance, between 2016 and
2017 the consolidated net income of the company dropped 7% while the EBITDA
dropped only 2%. The decrease from 7% to 2% is a consequence of increasing
depreciation and amortisation expenses. This comes from establishing more DCs
according to the online selling plan in 2015 (The Wall Street Journal, 2015).
As a consequence of growing international commerce, some common standards
have been defined to gradually replace different national accounting standards. The
two main standards are international financial reporting standards (IFRS) and gener-
ally accepted accounting principles (GAAP). Accountants usually follow these rules
and principles to keep the accounts more understandable and comparable (Camer-
inelli, 2009). We employ these standards to compare and analyse profitability be-
tween industries and companies, because they resolve the impacts of accounting
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and financing decisions.
TABLE 1.1: Different Profitability Measures in WalMart Inc., 2013-2017 (Stock
Analysis on Net, 2018)
12 months ended Jan 31 of year: 2017 2016 2015 2014 2013
Consolidated net income 13,643 14,694 16,363 16,022 16,999
Net income attributable to non-controlling interest 650 386 1021 817 757
Tax expense 6,204 6,558 7,985 8,105 7,981
EBT 20,497 21,638 24,799 24,656 25,737
Interest expense 2,367 2,548 2,461 2,335 2,251
EBIT 22,864 24,186 27,260 26,991 27,988
Depreciation and amortisation expense 10,080 9,454 9,173 8,870 8,501
EBITDA 32,944 33,640 36,433 35,861 36,489
1.8 Research rationale
During the last 25 years, the business context has changed and therefore the struc-
ture of SC companies has developed. This continuous development was com-
menced from an internal integration phase based on the closed-loop business and
resource planning of the late 1980s and continued in the late 1990s to an external
integration phase that included supplier integration, distribution integration, and cus-
tomer integration (Stevens and Johnson, 2016). Today, the business environment is
more complex and uncontrollable. Material sources are more accessible at a lower
cost and higher quality. IT, electronic, and other technological advances have em-
powered the development of new and growing SCs. On the other hand, the needs
and expectations of customers are rapidly changing. In such a competitive atmo-
sphere, SCs need new methods to advance their responsiveness and grow their
agility. For instance, Wal-Mart Stores Inc. in an effort to satisfy the demands of
online shopping, estimated it would establish four giant DCs in the second quarter
of 2015, since its target was to triple this kind of sales by 2018, from US $12 billion
last year to US $35 billion (The Wall Street Journal, 2015).
Lennox International defined a complex redesign project to develop its existing
SCN from 65 retailers in the year 2015 to a scheduled 215 retailers in 2016. The
organisers employed Manhattan’s Load Optimization software to increase truckload
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utilisation, with concern to shorter cycle times and record service levels (Talking
Logistics, 2015).
In the context of price uncertainty, the markets become more unpredictable, es-
pecially in launching new products. SCs beat other rivals’ prices using some optimal
solutions and more efficient configurations. Every price change should be imple-
mented based on value maximisation for the whole SC. It is evident that the costs
and implications of non-optimality in SCs are mounting.
1.9 Thesis structure
This thesis is organised in six chapters which address the key question and the
linked research aims. In this chapter, we presented the topic, laid out the objective
and research questions, emphasised the rationale for the study, and designed the
research structure. The rest of thesis is organised as follows:
In Chapter 2, the research methodology is introduced in as it pertains to the case
study and feasibility of the models. We explain a conceptual framework as it relates
to our research question and objectives. A visual representation of the academic
model and its concepts, constructs, and variables is proposed in this chapter.
In Chapter 3, we review the most relevant literature on SCN redesign and un-
certainty aspects, as well as real options, and service levels. We also look over the
financial issues in the SCND literature in this part of the study.
In Chapter 4, through the existing gap in the literature, we describe the problem
in the context of financial and SCN issues. Development of our basic redesigned
SCN model is explained in this section, and we also provide a novel solution for
the nonlinear terms of our mathematical formulation. The significant parameters
of the model are examined. Moreover, computational considerations regarding the
model size and run time are argued through several numerical examples. Lastly, we
propose concluding and final remarks for the basic model.
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In Chapter 5, we firstly describe the precise specifications of the FPI model. We
present the model’s objective function and constraints in operational and financial
perspectives. A hypothetical, realistic case study is defined and its results are pre-
sented to evaluate the applicability of the model.
In Chapter 6, we state our conclusions and directions of future studies in line with
each proposed model.
13
Chapter 2
Research design
2.1 Introduction
Nowadays, as a result of globalisation and competition, companies make their best
endeavours to cooperate as an integrated supply chain (SC) made up of all elements
involved, directly or indirectly, in satisfying customers’ demands. The SC includes
not only the suppliers and manufacturer, but also distribution centres (DCs), ware-
houses, logistics, and retailers. The processes contain, but are not restricted to,
New Product Development (NPD), operations, distributions, customer service, fi-
nance and marketing (Chopra and Meindl, 2016). This means a supply chain has a
couple of problems by itself. Considering that economies around the world stepped
back from the financial brink and began adjusting to a new normal in the last decade,
supply chains face a more diverse financial and operational set of problems than
they did before (Jinjarak, 2015). Consequently, SC top managers play a significant
role in identifying and solving the SC’s challenges. They must plan changes and
prove that these changes have the least effect on the financial statements of the
company or would improve them progressively. In this chapter, we try to describe
the background of these financial issues as a research problem and explain why
it is important, and to whom. Furthermore, by stating the academic importance of
the problem with relevant references, we will explain the aims and objectives of the
study.
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2.2 Research methodology
Considering a real managerial problem, organisers typically realise that the problem
description stage leads to a specific objective, such as minimisation of cost or max-
imisation of profit, and conceivably a set of variables and constraints - for instance,
inventory capacities or availability of funds. Optimisation theory is a method of op-
erations research (OR) which covers many diverse definitions of variables, parame-
ters and constraints aimed at optimising the predetermined objectives (Ravindran et
al., 2006). It is one of the most motivating concepts as many of its tools, techniques,
and methodologies have been employed since the early time of supply chain man-
agement and have remained popular until now in undertaking problems that occur
through SCN implementation (Christopher, 2016). Since SC managers are often
tackled with complex problems comprising a large number of strategic, tactical and
operational decisions, complex mathematical methods would be helpful solutions.
As mentioned in the SCN designing methods section, most of these mathematical
solutions of SCN designing literature utilise mathematical programming. This is a
branch of OR which can make determined solutions to deal with the complexity of
the problems (Williams, 2009). There are four types of mathematical programming
in the literature: integer programming (including some integer variables), dynamic
programming (breaking the problem down into some simpler sub-problems and solv-
ing them based on an algorithm), linear programming (all variables are linear), and
nonlinear programming (including some nonlinear variables or functions).
Since we aimed at optimising a redesigned SCN regarding the nonlinear esti-
mation of uncertain demand and price in line with developing our research method-
ology, we benefit from the compound method of Mixed-Integer Nonlinear Program-
ming (MINLP). The nonlinearity of the model will be addressed by a novel piecewise
linear conversion. Initially, we define a profit maximisation basic model to cover
the aforementioned gap in the literature. Concerning the calculation of FPIs in our
model, we represent the second model by introducing financial performance ratios.
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We will introduce other models based on the basic model, aiming at considering
other financial issues in SCN redesign.
2.2.1 Case study and analysis of the model
Essential data for feeding the variables and parameters of the model will be prepared
by the financial and transactional documents of a company selected for our case
study. The case study will be a description of a real-life problem or situation that
requires modelling.
In the case of our basic model, the applicability of the redesigned mathematical
SCN model is illustrated by a medium-size cement SCN. The necessary information
is provided by real disclosed data of two main cement manufacturers in Australia.
The data has been mixed and used in a hypothetical SCN company. Cement has
been selected for the case study as it provides service virtually forever once it is
consumed. However, while in storage, it absorbs moisture in the air, eventually
becoming hardened and useless.
Sensitivity analysis will be discussed as a post-optimality investigation. Related
to the academic literature and/or research findings on our topic, it will draw a con-
clusion about what would happen if organisers put the model into effect.
In the case of our basic model, the sensitivity of the optimal solution is verified
in terms of significant parameters of the cement company problem. We show how
varying specific parameters could influence the SCN structure and the main results.
This also confirms the accuracy of the projected model, since it reports rational
responses to the parameter variations. As a result of employing the case study, the
limitations of the model will be deliberated.
2.2.2 Feasibility of the model
As a consequence of linearisation of nonlinear equations, we will encounter more bi-
nary variables as infeasibility sources in our optimisation problem. Thus, in addition
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to interpretation of the case study and sensitivity analysis of the optimal solution, the
feasibility of the model will be investigated by employing some numerical examples.
2.2.3 Ethics approval
We utilise an existing disclosed data set with written access permission on the web.
We also conduct a secondary analysis of our prepared data, consequently, in the
context of Ethics Approval, which is an RMIT University policy approved by the Busi-
ness College Human Ethics Advisory Network (BCHEAN). Our research is classified
as exempt from review and we do not need to look for official ethics approval in our
research.
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Literature review
In this chapter, as a roadmap for reviewing related studies, we initially investigate
the SCN literature from the redesigning point of view. Then, considering that the
service level factor is one of the most important features of the redesigning stage,
we explore how studies address this feature in their models. Next, financial issues
and uncertainty concerns are also investigated as the common concerns in the SC’s
design stage. We finally concentrate on studies that used real-option approaches in
order to mitigate uncertainty in their SCND models.
3.1 Redesigning SCNs
Structure evolution of SCs began from an internal integration phase, based on the
closed-loop business and resource planning that was initiated in the late 1980s and
continued into the late 1990s in an external integration phase. This included supplier,
distribution and customer integration (Stevens and Johnson, 2016). The priority of
structure modification in redesigning can be easily seen from recent decisions of SC
managers (Jahani et al., 2019; Govindan et al., 2017). Vorst and Beulens (2002)
introduce a basic list of SCN redesigning decisions and categorise them into four
groups: structure (e.g. redesigning the tasks and processes in the SC), control
structure (e.g. decreasing total customer lead time), information systems (e.g. creat-
ing information transparency in the SC) and organisation and governance structure
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(e.g. defining both the SC objectives and performance indicators). They also em-
phasise the importance of identifying the uncertainties and sources of risk in SCN
redesign decisions.
Sahling and Kayser (2016) concede that, prior to launching new products, man-
agers often face decisions concerning the redesign of an original SCN. Strategic
decisions include the selection of vendors, production facilities and retailer alloca-
tions. They define a three-tier model that reflects vendors, production sites and
markets in the simultaneous strategic and tactical planning of their new SCN.
Melo et al. (2012) define a multi-period, multi-tier network in which the prominent
redesign decisions include the relocation of existing facilities to new locations. Their
model considers budget limitation, inventory capacity in facilities, and the transporta-
tion of products through the network. They also confirm that the redesigning problem
is hugely constrained - in particular, to budget limitation. They also define a penalty
factor added to the model’s objective function for mitigating the infeasibility arising
from budget limitation.
As is evident from these definitions, redesigning an SC can be defined as pre-
determining the basic structure and reviewing the strategic features of the existing
SCN in the design stage. In Table 3.1, we summarise 30 relevant recent (2005-19)
studies by structure, features, uncertainty and objective functions.
3.2 Service level factor
According to Farahani et al. (2014) service level is an important competitive oper-
ational factor by which SCN structure is affected directly or indirectly. Although the
definition of service level is different in various models in the SCN literature (Chen
and Lee, 2004; Shen and Daskin, 2005; Zanjani et al., 2010; Nickel et al., 2012;
Baghalian et al., 2013; Nagurney et al., 2015; Sahling and Kayser, 2016), the most
common definition reflects market satisfaction of customers’ demand. The higher
the inventory levels, the better the service level for customers, but also the higher
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TABLE 3.1: Supply Chain Network Design: Literature Review Summary (2005-
2019)
Article
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Shen and Daskin (2005) ! 3 Da - ! - ! ! ! ! ! ! ! Heuristic approach based on genetic
algorithm
Liste and Dekker (2005) 2 D ! ! ! ! ! ! ! 3-stage stochastic programming
solved by CPLEX
Melo et al. (2006) nc D ! ! ! ! ! ! ! ! ! ! MILP solved by CPLEX
Nagurney (2006) 3 D ! ! ! ! ! ! ! Euler method and algorithm
Leung et al. (2007) ! 2 D ! ! ! ! LP solved by LINDO
Guillen et al. (2007) 4 D ! ! ! ! ! ! ! ! ! ! ! MILP solved by CPLEX
Pokharel (2008) ! 3 D ! ! ! ! ! ! STEP Method
Miller et al. (2008) ! 4 D ! ! ! ! ! ! ! ! ! NLP solved by CPLEX
Peidro et al. (2009) ! n D ! ! ! ! ! ! ! ! Fuzzy MILP aproach
Wang (2009) ! n D ! ! ! ! ! ! 2-phase ant colony algorithm
Nagurney (2009) ! 4 D ! ! ! ! Variational inequality solution
Zanjani et al. (2010) ! 2 D ! ! ! ! ! ! ! 2-stage stochastic LP solved by
CPLEX
Pan and Nagi (2010) ! n Nb ! ! ! ! ! Heuristic method
Franca et al. (2010) 4 D ! ! ! ! ! ! ! ! ! Stochastic programming
Lin and Wang (2011) ! 3 D ! ! ! ! ! ! ! Stochastic programming and L-
shaped decomposition
Longinidis and Geor-
giadis (2011)
4 D ! ! ! ! ! ! ! ! ! MILP solved by CPLEX
Kim et al. (2011) 2 D ! ! ! ! ! ! ! ! ! MILP solved by GAMS and CPLEX
Nickel et al. (2012) 2 D ! ! ! ! ! ! ! ! ! ! ! ! Multi-stage stochastic MILP solved
by CPLEX
Bassett and Gard-
ner (2013)
! 3 D ! ! ! ! ! ! ! ! MILP solved by GAMS and CPLEX
Baghalian et al. (2013) 3 D ! ! ! ! ! ! ! ! ! ! ! MINLP using piecewise linearisation
solved by CPLEX
Longinidis and Geor-
giadis (2013)
4 D ! ! ! ! ! ! ! ! ! ! ! MINLP solved by CPLEX
Lin and Wu (2013) ! 6 D ! ! ! ! ! ! ! ! ! L-shaped decomposition algorithm
Longinidis and Geor-
giadis (2014)
4 D ! ! ! ! ! ! ! ! ! ! ! MINLP solved by CPLEX
Ozceylan et al. (2014) ! 7 D ! ! ! ! ! ! MINLP solved by GAMS-COIN
Nagurney et al. (2015) 3 D ! ! ! ! ! ! ! Euler method and algorithm
Nouira et al. (2016) 3 D ! ! ! ! ! MILP solved by CPLEX
Sahling and
Kayser (2016)
! 3 D ! ! ! ! ! ! ! ! ! ! ! ! ! NLP using piecewise linearisation
and stochastic programming
Marufuzzaman and Eki-
olu (2017)
! 3 D ! ! ! ! ! ! MINLP using a hybrid Benders-
based rolling horizon algorithm
Alzaman et al. (2018) 3 D ! ! ! ! ! ! ! ! MINLP solved by Heuristic method
Saberi et al. (2018) ! 4 D ! ! ! ! ! ! Euler method and projection
Yadegari et al. (2019) 6 D ! ! ! ! ! ! Memetic algorithm
Zheng et al. (2019) 3 D ! ! ! ! Generalized Benders Decomposi-
tion
This study ! 3 D ! ! ! ! ! ! ! ! ! ! ! ! ! MINLP using piecewise linearisa-
tion, solved by Python and CPLEX
a: D means Discrete set b: N means Network c: n means it can take any number
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risk of unsold products. Khouja (1999) identifies that applying a service level to in-
ventory management is enabled by employing the newsvendor approach. Through a
stochastic single-period demand structure, the newsvendor method recognises the
order amount, which maximises the expected profit. In this method, the SC trades
unsold products at a salvage value at the end of a predetermined period, forgoing
some profit from unmet demand. In addition to the loss of profit, in today’s compet-
itive market, SCs will have a shortage cost if they are not able to satisfy customer
demand. In our investigation of the SCN literature, we found that the significant cost
components (salvage value and shortage cost) have been ignored from the collec-
tion of operational costs (Klibi et al., 2010). In this study, we consider both of these
elements via our model.
3.3 Financial issues in SCNs
There is a vast body of literature aimed at arranging the best possible structure of
supply chain network design (SCND) as a strategic decision in accordance with the
SC’s long-term objectives (Govindan et al., 2017). The holistic view of strategic and
long-term decisions persuades authors to calculate total cost (Marufuzzaman and
Ekiolu, 2017; Ozceylan et al., 2014) or total profit (Sahling and Kayser, 2016; Nouira
et al., 2016) in order to gain an optimal solution rather than a suboptimal one. In-
vestigation of the main literature review studies in this field reveals that the majority
of the studies have defined total cost as their main objective function (Govindan
et al., 2017). Moreover, some authors have addressed other suboptimal objectives
such as service times of the markets (You and Grossmann, 2011), delay of prod-
ucts’ delivery to customers (Pishvaee and Torabi, 2010), or environmental impact
(Guille´n-Gosa´lbez and Grossmann, 2009). It seems that although they determine
some requirements of their SCN by optimising the proposed objective functions,
the optimisation problem cannot reflect an optimal configuration in the real business
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world. According to Farahani et al. (2014) most of the SCND problems utilise optimi-
sation methodology which causes the number, location and capacity of the facilities
as the main outputs of the models. Longinidis and Georgiadis (2011) name these
strategic choices as operational decisions, and believe that cash flow management
variables should be integrated into the models. Jahani et al. (2019) affirm that many
aspects of financial relevance in SCND are still far from being fully integrated into
the models existing in the literature, especially in recent SCN models. For instance,
see Yadegari et al. (2019) and Zheng et al. (2019) who just consider cost functions
in their models.
Financial supply chain management (FSCM) is a broad research topic in SCM
which expands financial flow beyond material and/or information flow. It mainly
investigates the impact of working capital, inventory values, and pricing in chains
(Wuttke et al., 2013). Although FSCM has projected several solutions for SCs, the
solutions have not been employed in the design of SCs correspondingly (Camer-
inelli, 2009). Supply chain finance (SCF) is another mainstream area which opti-
mises working capital aimed at providing liquidity to SCs (Pfohl and Gomm, 2009).
It has several solutions regarding suppliers’ payments (e.g. payables discounting,
inventory finance, and extension of buyers’ accounts payable terms) to improve the
financial position of the business, especially when it has a strategic development
plan (Gomm, 2010). SCND models are also deficient in these areas of the proposed
solutions.
Longinidis and Georgiadis (2011) are among the few authors who explicitly incor-
porate financial performance measurements into their model. They also categorise
the optimisation operational-financial models into two main clusters: the studies that
locate the financial parameters/variables in their objective functions, and those that
consider them in several constraints of the model. To mention a few for the first clus-
ter, Azaron et al. (2008) minimise the financial risk in their second objective function,
and Sahling and Kayser (2016) maximise the weighted sum of the expected net
present value (NPV) of discounted cash flows. In the second cluster, more studies
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can be found. For instance, Nickel et al. (2012) add some constraint regarding an
uncertain interest rate factor and Baghalian et al. (2013) limit the total cost of their
model to a budget.
In other rare studies, Guillen et al. (2007) calculate total equity, and Longinidis
and Georgiadis (2013) define economic value added (EV ATM ) as their objective
function, with a consideration of several corporate finance concepts in their models.
Although these models cover the main strategic decisions regarding the financial
performance of an SCN, they ignore the previous structure of it. Jahani et al. (2019)
confirm that the strategic decisions of an SCND model should consider the previous
structure of the SCN. This crucial assumption allows organisers to note some of the
controlled changes in the main operational and financial processes.
3.4 Uncertainty concerns in SCNs
The concept of uncertainty has been extensively investigated in supply chain risk
management (SCRM) literature from different aspects (Ho et al., 2015). Both finan-
cial and operational aspects of an SCN have many sources of uncertainty (Fahimnia
et al., 2015). Zhao and Huchzermeier (2015) classify the operational risk as sup-
ply risk, processing risk and demand risk. It is evident from several SCN review
studies that demand risk is the most effective one (Klibi et al., 2010; Brandenburg
et al., 2014; Farahani et al., 2014; Fahimnia et al., 2015). Awudu and Zhang (2013)
also prove that in revenue or profit maximisation problems, the effect of a product’s
price in the model is inevitable. However, few studies addressing the combination of
these uncertain parameters could be found in SCN literature (Govindan et al., 2017).
Basic microeconomics principles state the law of demand, which insists on taking
into account the correlation between demand and price (Ross et al., 2000). In other
words, the law demonstrates a usual inverse relationship between price and de-
mand in the market. Lin and Wu (2013) take price as a variable in their optimisation
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model, and define demand as a price-dependent function to maximise their single-
period SCND model’s profit. The demand function reflects the correlation between
demand and price.
3.5 Modelling uncertainty via a real option approach
A critical challenge in redesigning an SCN is the uncertainty that arises from the
stochastic demand correlated with the stochastic price of merchandise. Real options
have been explored in management science extensively, such as whether to select
or abandon uncertain R&D projects (Huchzermeier and Loch, 2001) or to accept or
reject an outsourcing contract offered by a vendor (Jiang et al., 2008)1.
As presented in Table 3.1, it is conventional in the SC literature to consider de-
mand uncertainty, when (re-)designing SCNs (for demand uncertainty modelling
in an SCN, we further refer to the reviews of Govindan et al. (2017); Fahimnia et
al. (2015); Klibi et al. (2010); Sasikumar and Kannan (2009); Min and Zhou (2002)).
However, most of the recent literature highlights the importance of considering other
sources of uncertainty, such as supply side distortion (Liste and Dekker, 2005; Lin
and Wang, 2011), capacity expansion and reduction (Melo et al., 2006), produc-
tion (Wang, 2009; Zanjani et al., 2010), interest rate (Nickel et al., 2012), and price
(Chen and Lee, 2004; Kim et al., 2011). Qiang et al. (2013) argue that since profit
maximisation encapsulates the whole performance of a supply chain system, con-
sidering price uncertainty in the (re-)design stage may be more relevant than other
parameters.
The idea of joint modelling of demand and price uncertainty predates Qiang et
al. (2013). For example, Chen and Lee (2004) propose a scheduling SCN model
in which uncertain demand and price are deliberated independently and simulta-
neously. In terms of price uncertainty, they contemplate incompatible preferences
of the buyers and sellers on product prices. Kim et al. (2011) treat uncertainty in
1For a comprehensive review of relevant earlier literature see Cucchiella and Gastaldi (2006).
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price and demand of final fuel markets using a scenario analysis approach. More
recently, Awudu and Zhang (2013) consider the problem of production planning for
a biofuel SC under both demand and price uncertainty. However, all the above stud-
ies ignore the correlation structure between demand and price in their models. It is
commonly accepted in economic theory that price and demand are correlated (Bau-
mol and Blinder, 2015), thus, modelling them independently is questionable. To the
knowledge of the authors, this is the first study in the SCN literature that considers
demand uncertainty to be correlated to price uncertainty.
Another important contribution of this study is the use of GBM to model uncer-
tainty, as opposed to the conventional approaches such as scenario analysis (Had-
dadsisakht and Ryan, 2018; Longinidis and Georgiadis, 2014; Franca et al., 2010),
or cumulative distribution functions (CDFs) (Wang and Ouyang, 2013; Baghalian
et al., 2013; Sahling and Kayser, 2016). Scenario-based approaches lack analytical
robustness, because the number of scenarios are limited to the subjective opinion of
the modeller, and one cannot accurately measure by-products of major factor move-
ments. In particular, comparisons of scenarios with outcomes are biased by not
deferring to the data; this may be convenient, but it is insufficient. In this respect, in
scenario analysis, outcomes are forced to conform to arbitrary hypotheses ex-post,
and therefore there is no basis on which to place expected values.
Baghalian et al. (2013), amongst others, offer the use of distribution functions
to model uncertainty. By parametrising the uncertain variables (e.g. demand), they
project possible future outcomes in a mathematically tractable way. The outcomes
are set ex-ante and the expected values are formulated analytically. Nevertheless,
their approach does not fully capture the dimension of time, as it assumes the dis-
tribution function is time-constant. Our model for demand and price uncertainty,
GBM, is a stochastic process, which is a continuous collection of random variables
over a time period. In other words, it clearly differentiates between the distribution
functions of demand (or price) at different points in time. This is particularly advan-
tageous when modelling multi-stage problems, as uncertainty grows along with the
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length of the time horizon.
The use of GBM adds an extra layer of complexity to our optimisation problem,
since the evolution of the stochastic variables has to be accounted for over time.
We address this with the real-options pricing methodology. Traditionally, the payoff
of real-options depends on the future value of a real asset, such as plant and ma-
chinery. However, Huang et al. (2012) noted for the first time that some components
of a firm’s profit depend on the future value of stochastic demand in a way that re-
sembles the payoff of a hypothetical option. Therefore, they offered that the rational
expectations of such terms may be calculated using actuarial tools. In this study, we
extend this concept by identifying three types of optionality in the profit function of
a supply chain: two of which involve stochastic demand and one that involves both
stochastic demand and stochastic price.
Finally, we remark that the pricing methodology used in this study (as well as in
Huang et al. (2012) for real options differs from the risk-neutral valuation of Black
and Scholes (1973). Risk-neutral valuation is based on the economic argument
that the payoff of an option can be replicated using the underlying primitive assets.
Nonetheless, when dealing with a ’non-traded’ process (i.e. stochastic demand),
such an argument no longer holds. A similar situation is also noted in pricing in-
surance contracts (Gatzert and Schmeiser, 2008), so we use the relevant actuarial
methodology for our problem.
The real-option (also called option-pricing) method has a vast stream and several
applications in quantitative finance (Cucchiella and Gastaldi, 2006). Formerly, a real-
option used to be defined as the right but not the obligation to invest in a financial
initiative. Besides its financial application, the concept has been recently deliberated
in several managerial decisions (e.g. the selection of a risky R&D project (Huchz-
ermeier and Loch, 2001) or a decision about an outsourcing vendor contract (Jiang
et al., 2008). It has also been used in the SCRM field. For instance, Carbonara and
Pellegrino (2017) define the value of postponement of a customer’s order as a real
option and employ the quantitative relevant financial methods to mitigate supply and
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demand disruptions occurring in the SCs.
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Supply chain network redesign with
demand and price uncertainty
4.1 Problem description
Critical review of the literature provides a baseline for defining the problem. In this
study, having identified a gap in the literature, we address the real business world
problem by formulating a redesigned model for a multi-tier, multi-product, multi-
period SCN. The design is accompanied by a consideration of uncertainties for the
demand and price of each product in each market.
Factories 
(i)
Present Products (p')
Distribution Centres
(j')
Markets
(k)
FIGURE 4.1: The Existing SCN Structure Considered in the Model
The structure of the existing SCN shown in Figure 4.1 depicts a three-tier net-
work with discrete facility locations. This structure for designing SCNs is common
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in the literature (see Table 3.1). This standard SCN involves several factories, DCs
and markets in its tiers. Each market orders products before the beginning of each
period. The DCs add up the orders received from markets and pass them to the
factories, taking into consideration their capacity limits. Ordered products are redis-
tributed to the markets through DCs. Transportation among the facilities of present
products is demonstrated by the arrows in Figure 4.1.
Factories
Distribution Centres Markets
Present Products (p') to 
Existing Facility (j',k)
j'
i
i
j'
k
k
kj
New
j'
New
Present Products (p') to 
New Facility (j,k)
New Products (p) to 
Existing Facility (j',k)
New Products (p) to 
New Facility (j,k)
k
FIGURE 4.2: The New SCN Structure Considered in the Model
The top management of a manufacturing company in the SC decides to use a
detailed plan to introduce some new products, and utilise those products to launch
into some new markets. A product launch involves various steps, including under-
standing customer needs, product design, and testing of the product. Launching a
new product is the company’s final and most important step in the NPD process,
giving momentum to sales .
In our model, as a result of a comprehensive NPD process, it is intended that
some of the factories will produce these new products; some existing DCs and mar-
kets are considered as suitable for them, and some new DCs might be needed to
establish supply to new intended markets. The new structure for the SCN is illus-
trated in Figure 4.2 and shows these strategic decisions. The changes for the new
SCN are considered on the basis of maintaining the present products’ market share.
For clarification of the case, we classify associated issues into the two clusters: SCN
and financial issues (see 4.1.1 and 4.1.2 below).
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4.1.1 SCN aspects
According to Figures 4.1 and 4.2, the main assumptions of the SCND model are
listed as follows. We justify these assumptions by the existing models in this domain
summarised in the columns structure and Features of table 3.1.
• Factories are established in fixed places and work at a certain production rate.
The rate of production for each product at any factory cannot exceed certain
limits, including machinery speeds or resource capacity. Factory warehouses
also have limited capacities for stocking products.
• Products are divided into two clusters: present products produced in the ex-
isting design of the SCN, and new products scheduled to be added to the
production planning and distribution of the redesigned SCN.
• DCs have limited capacities in their warehouses and can be fed by any factory.
DCs do not change products, although they may do packaging and labelling.
DC locations used for present products are the predetermined candidate lo-
cations for distributing new products. In the optimised model, some existing
DCs will be used for new products (shown by X in Figure 4.2) and the others
will not be used (shown by × in Figure 4.2). Redesigning an SCN for a set of
new products is likely to require the establishment of some new DCs, and de-
cision makers will select some candidate locations for establishing these DCs
to reach new markets (shown by dash lines in Figure 4.2).
• Markets may be in locations which both sell present products and also are
the candidate locations for selling new products. The selection of an existing
market for selling new products is based on the demand forecast of each new
product in that market.
Overall, the SCN strategic decisions considered in the proposed model include
the number and location of new DCs and the selection of existing DCs for servicing
new products. The tactical decisions concern the factory production rates of the
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new products, the quantity of product flow in the new SCN and the inventory levels
at each new and existing DC.
In our model, launching new products in new and existing markets is based on
maintaining the level of sales of present products in existing markets. On the other
hand, a newly established market is supported by launching present products as
well as new ones, in order to make the transportation cost of each product more
economical. Thus, the quantity of present products to be made and transported in
the SC will be increased for new markets, and this needs to be considered along with
the changes brought about by new products for the new SCN during each period.
4.1.2 Financial aspects
Considering the positive consequences that implementing the new model might
bring to the company, decision-makers should allocate a budget for it. The es-
tablishment of markets and DCs, as well as the purchase of necessary machines
for manufacturing new products, is considered as a fixed infrastructure cost which
should be kept within the fixed budget.
Given that the model commences running at the beginning of a financial year,
each time period reflects a fiscal year, and the fixed infrastructures are established
at t = 0. Incorporation of a service level is demonstrated by the salvage value of
extra products in markets and the shortage cost for unmet demand. Since perishable
products are assumed in the scope of the model, both salvage value and shortage
cost related to each period of time are independent of the other periods.
Net sales are calculated by each product’s unit price, which comes from the value
of sales after decreasing returns, allowances for damaged or missing goods, and
any discounts allowed. Cost of goods sold is the summation of production, trans-
portation and inventory costs. Production costs include direct costs of production
(direct labour, direct materials, commissions, piece rate wages and manufacturing
supplies) and indirect costs (utility costs, production supervision salaries, quality
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control costs, insurance and depreciation). Inventory costs are considered by the
linear quantity of inventories in factories and DCs. Transportation of each unit of a
product in the SCN has expenses dependent on its specifications, such as weight
and form, mode of transport (truck, ship, train, or aircraft) and distance to the delivery
destination (DC or market). Transportation cost also includes unpacking, repacking,
packaging and movement of products in new and existing DCs.
Finally, by calculation of all the addressed parameters, the profit of the whole
chain will be formulated by subtracting costs (cost of goods sold and the fixed in-
frastructure investment costs) from revenues (net sales and salvage values). This
function will be maximised as an objective of our optimisation model.
4.2 Model
The problem is formulated mathematically in this section. Since we have a large
number of variables and parameters, we have provided the detailed nomenclatures
and notations in A.1.
4.2.1 Formulation
Consider a stochastic model of price and demand. Herein, for convenience in pre-
sentation, “price” refers to the stochastic process of the market value of the mer-
chandise, and “demand” refers to the stochastic process for its demand. We fix a
complete probability space (Ω,F ,P), where P is the real-world probability measure.
Let [0, TN ] be the time index set of the economy, where TN < ∞. We assume that
the total period TN is partitioned into N equal intervals of Tn with the equal length
of T = TN/N ;n ∈ {1, · · · , N}. Let α > 0 be the constant continuous interest rate
compounded yearly on a bank account Bt; therefore, dBt = rdt.
Suppose V := (Vt)Tn−1≤t≤Tn is the price process and D := (Dt)Tn−1≤t≤Tn is the
demand process in each period. Further, V and D are two locally bounded vector
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semimartingales of the filtration F , which are governed by the following two corre-
lated diffusion processes:
dVt = µV Vtdt+ σV VtdW
V
t , VTn−1 > 0 (4.1)
dDt = µDDtdt+ σDDtdW
D
t , DTn−1 > 0 (4.2)
Here the volatility coefficients of the demand and price σD, σV , and their growth
rates µD, µV , are constants. Additionally, W Vt and WDt are two correlated standard
Brownian motions on (Ω,F ,P) such that
d[WDt ,W
V
t ] = ρdt , W
D
t = ρW
V
t +
√
1− ρ2W⊥t
where ρ ∈ (−1, 1) is the correlation coefficient of the two Brownian motions. The
Equations (4.1) and (4.2) for any value of t are two log-normal distributed random
variables (Dufresne, 2004).
At time 0, the organiser aims to maximise the profit of the SCN shown in Equation
4.3 by choosing optimal DCs between existing and new candidate DCs, as well as
quantities of new products produced and all products transported between the tiers
for each sub-period of Tn. In other words, decisions are made for discrete time
periods, while the stochastic processes are allowed to evolve in continuous time.
max
Q′s,Ppi,Cj
JTn=0 =
N∑
n=1
Jn(Q
′s, Ppi;Tn)
1
(1 + α)n−1
(4.3)
−
∑
p
∑
i
FFpi.Fpi −
∑
j
FCj.Cj −
∑
k
FMk
where
Jn(Q
′s, Ppi;Tn) =E
[(
NSTn + SVTn − SCTn − COGSTn
)
exp(−rT )
∣∣∣∣FT] (4.4)
Here, E is the expectation value of the net profit of all products transported to
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markets under the real-world probability P. r = ln(1 + α) is the annual interest rate,
compounded continuously, and Figure 4.3 shows how we transfer the future values
in a continuous time horizon t with the rate of r to the beginning of each time period
Tn and after that transfer them to the present time (t = 0) with the rate α.
0
1NT NT1T 2T

t
)1ln( r
FIGURE 4.3: Time Representation and Discount Rates Considered in the Model
The other propositions in our objective function refer to fixed infrastructure costs
regarding the preparation of production facilities in factories, establishment of new
DCs and establishment of new markets, respectively. Other parts of Jn(Q′s, Ppi;Tn)
are formulated as:
Net sales
Net sales of new and present products in new and existing markets would be:
NSTn =
∑
p,k
VpkTn min(
∑
j
QpjkTn +
∑
j′
Qpj′kTn , DpkTn)
+
∑
p′,k
Vp′kTn min(
∑
j
Qp′jkTn +
∑
j′
Qp′j′kTn , Dp′kTn) (4.5)
where for new products we define QpkTn :=
∑
j
QpjkTn +
∑
j′
Qpj′kTn, then
VpkTn min(
∑
j
QpjkTn +
∑
j′
Qpj′kTn , DpkTn) := VpkTn min(QpkTn , DpkTn)
=VpkTnQpkTn + VpkTn min(0, DpkTn −QpkTn)
=VpkTnQpkTn − VpkTn max(QpkTn −DpkTn , 0) (4.6)
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We notice that VpkTn max(QpkTn − DpkTn , 0) at time Tn−1 resembles a quantity
adjusted1. put option maturing at time Tn, with strike price of QpkTn.
The time index Tn means that essentially there is a series of n European options.
The following theorem provides the actuarial value of each option in the series, but
similar to ”interest rate cap”2, they all have to be discounted back to time zero. This
is also presented in Figure 4.3.
Theorem 4.2.1. With a slight abuse of notations, let
µ1 :=
(
µD − 1
2
σ2D
)
T µ2 :=
(
µV − 1
2
σ2V
)
T
σ21 :=σ
2
DT σ
2
2 :=σ
2
V T ρ12 := ρT.
Then, regardless of the minor changes to these parameters for each product in
each market, for any QpkTn ∈ R+:
E [VpkTn max(QpkTn −DpkTn , 0)] = −VpkTn−1DpkTn−1
× exp
(
µ1 + µ2 +
(ρ12σ2 − σ1)2 + (σ2 − ρ12σ2)2 − 2ρ12(ρ12σ2 − σ1)(σ2 − ρ12σ1)
2(1− ρ212)
)
× Φ
 ln( QpkTnDpkTn−1 )− ρ12σ1σ2 + σ21
σ1

+ VpkTn−1QpkTn exp(µ2 +
σ22
2
)Φ
 ln( QpkTnDpkTn−1 )− ρ12σ1σ2
σ1
 (4.7)
Proof. See A.2
Regarding present products term in Equation 4.5, we rewrite Equations (4.6) and
(4.7) with the index of p′.
1A quantity adjusted, or quanto option, is a financial instrument where two different currencies
are used. The payoff is valued with regard to a variable which is calculated by one currency, but the
payoff is paid in the other currency (Copeland et al., 2001)
2An interest rate cap is a financial instrument consisting of a series of European options on interest
rate. Although the payoff structure shares some similarities with our problem set-up, the valuation
methodologies are vastly different (Hull, 2006).
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Remark 4.2.1. In Theorem 4.2.1 (as well as 4.2.2), we use actuarial valuation, in-
stead of the risk-neutral methodology. This is because the demand process is a
non-tradeable stochastic factor and the retail product is not traded, although it is
in a competitive market. Thus, the dynamic hedging argument underpinning the
risk-neutral valuation cannot be constructed.
Salvage value
Salvage Value of extra products in the markets is obtained as:
SVTn =
∑
p,k
SVpk max(
∑
j
QpjkTn +
∑
j′
Qpj′kTn −DpkTn , 0)
+
∑
p′,k
SVp′k max(
∑
j
Qp′jkTn +
∑
j′
Qp′j′kTn −Dp′kTn , 0) (4.8)
Similar to the previous section for new products, we have:
SVpk max(
∑
j
QpjkTn +
∑
j′
Qpj′kTn −DpkTn , 0) := SVpk max(QpkTn −DpkTn , 0) (4.9)
We notice that max(QpkTn −DpkTn , 0) at time Tn−1 resembles a vanilla European
put option3 maturing at time Tn, with strike price of QpkTn .
Theorem 4.2.2. With a slight abuse of notations, let µ1 :=
(
µD − 12σ2D
)
Tn and σ21 :=
σ2DT ,
Then for any QpkTn ∈ R+, we have:
E [max(QpkTn −DpkTn , 0)] =−DpkTn−1 exp
(
µ1 +
σ21
2
)
Φ
 ln( QpkTnDpkTn−1 )− µ1 − σ21
σ1

+QpkTnΦ
 ln( QpkTnDpkTn−1 )− µ1
σ1
 (4.10)
3Refer to Hull (2006) for an introduction of vanilla European and American call and put options.
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Proof. See A.3
In a similar fashion for present products, we rewrite Equation (4.10) with the index
of p′.
Shortage cost
Shortage Cost of unmet demand of products in the markets is computed as:
SCTn =
∑
pkTn
SCpk max(DpkTn −
∑
j
QpjkTn −
∑
j′
Qpj′kTn , 0)
+
∑
p′kTn
SCp′k max(Dp′kTn −
∑
j
Qp′jkTn −
∑
j′
Qp′j′kTn , 0) (4.11)
Similar to (4.9), we have:
SCpk max(DpkTn −
∑
j
QpjkTn +
∑
j′
Qpj′kTn , 0) := SCpk max(DpkTn −QpkTn , 0)
(4.12)
Theorem 4.2.3. By applying the put-call parity relationship to (4.10), we obtain
E [max(DpkTn −QpkTn , 0)] =DpkTn−1 exp
(
µ1 +
σ21
2
)1− Φ
 ln(QpkTnDTn−1 )− µ1 − σ21
σ1

−QpkTn
1− Φ
 ln( QpkTnDpkTn−1 )− µ1
σ1
 (4.13)
Proof. See A.3
Correspondingly, in the case of present products, we rephrase Equation (4.13)
with the index of p′.
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Cost of goods sold
The cost of goods sold (COGSTn) is calculated as all the direct costs in an SC at the
end of time period Tn for manufacturing goods (PCTn), holding them in inventories
(ICTn) and transporting products between the tiers (TCTn) in order to deliver them
to end customers.
COGSTn := PCTn + ICTn + TCTn ; ∀Tn (4.14)
Production cost
PCTn =
∑
p,i
PCpi.PpiTn +
∑
p′,i
PCp′i.Pp′iTn ;∀Tn (4.15)
Inventory cost
ICTn =
∑
p,i
ICpi.
IpiTn + IpiTn−1
2
+
∑
p′,i
ICp′i.
Ip′iTn + Ip′iTn−1
2
+ (4.16)
∑
p,j
ICpj
IpjTn + IpjTn−1
2
+
∑
p′,j
ICp′j
Ip′jTn + Ip′jTn−1
2
+
∑
p,j′
ICpj′
Ipj′Tn + Ipj′Tn−1
2
+
∑
p′,j′
ICp′j′
Ip′j′Tn + Ip′j′Tn−1
2
;∀Tn
Transportation cost
TCTn =
∑
p,i,j
TCpij.QpijTn +
∑
p,i,j′
TCpij′ .Qpij′Tn +
∑
p′,i,j
TCp′ij.Qp′ijTn+ (4.17)
∑
p′,i,j′
TCp′ij′ .Qp′ij′Tn +
∑
p,j,k
TCpjk.QpjkTn +
∑
p′,j,k
TCp′jk.Qp′jkTn+
∑
p,j′,k
TCpj′k.Qpj′kTn +
∑
p′,j′,k
TCp′j′k.Qp′j′kTn ;∀Tn
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Infrastructure cost
InfraC =
∑
p,i
FFpi.Fpi +
∑
j
FCj.Cj +
∑
k
FMk (4.18)
4.2.2 Constraints
Production quantity of each new product in every period of time should be limited
in all factories, and if a factory is not selected for manufacturing a new product, the
production of that product should be set at zero. This is expressed by the following
constraint:
PpiTn 6 Pmaxpi .Fpi ;∀p, i, Tn (4.19)
Similarly, for the inventory level of new products in factories, we have the following
constraints:
IpiTn 6 Imaxpi .Fpi ;∀p, i, Tn (4.20)
And similar constraints for present products are included as:
Ip′iTn 6 Imaxp′i ;∀p′, i, Tn (4.21)
If factory i is not used for producing new product p, all transported quantity of the
new product from this factory should be zero, hence:
∑
j′,Tn
Qpij′Tn +
∑
j,Tn
QpijTn 6M.Fpi ; ∀p, i (4.22)
In addition, if there is no feasible route between two facilities, the transported
quantity of new and present products between these two facilities is zero. Therefore:
∑
p′,Tn
Qp′ij′Tn +
∑
p,Tn
Qpij′Tn 6M.Xij′ ;∀i, j′ (4.23)
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∑
p′,Tn
Qp′ijTn +
∑
p,Tn
QpijTn 6M.Xij ;∀i, j (4.24)
∑
p′,Tn
Qp′j′kTn +
∑
p,Tn
Qpj′kTn 6M.Xj′k ;∀j′, k (4.25)
∑
p′,Tn
Qp′jkTn +
∑
p,Tn
QpjkTn 6M.Xjk ;∀j, k (4.26)
If existing DC j′ is not used for distributing new products, all transported quantity
of new products from factories to this DC and from this DC to markets is zero. More-
over, if no new product is transported through a DC, it should not be selected in the
solution. Therefore:
Cj′ 6
∑
p,i,Tn
Qpij′Tn +
∑
p,k,Tn
Qpj′kTn 6M.Cj′ ; ∀j′ (4.27)
If new DC j is not established, all transported quantity of new and present prod-
ucts from factories to this DC and from that to the markets should be zero:
∑
p′,i,Tn
Qp′ijTn +
∑
p,i,Tn
QpijTn +
∑
p′,k,Tn
Qp′jkTn +
∑
p,k,Tn
QpjkTn 6M.Cj ;∀j (4.28)
The following constraints need to be included to control the capacity of existing
DCs: ∑
p′
λp′ .Ip′j′Tn +
∑
p
λp.Ipj′Tn 6 DCmaxj′ ;∀j′, Tn (4.29)
Similar to existing DCs, the capacity of new DCs should be controlled if they are
established. Otherwise, all inventory levels of products must be zero:
∑
p′
λp′ .Ip′jTn +
∑
p
λp.IpjTn 6 DCmaxj .Cj ; ∀j, Tn (4.30)
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Inventories must be balanced in factories and DCs for every given new and
present product during each period of time:
Ip′iTn = Ip′iTn−1 + Pp′iTn −
∑
j
Qp′ijTn −
∑
j′
Qp′ij′Tn ;∀p′, i, n (4.31)
IpiTn = IpiTn−1 + PpiTn −
∑
j
QpijTn −
∑
j′
Qpij′Tn ;∀p, i, n (4.32)
Ip′j′Tn = Ip′j′Tn−1 +
∑
i
Qp′ij′Tn −
∑
k
Qp′j′kTn ;∀, p′, j′, n (4.33)
Ip′jTn = Ip′jTn−1 +
∑
i
Qp′ijTn −
∑
k
Qp′jktTn ;∀p′, j, n (4.34)
Ipj′Tn = Ipj′Tn−1 +
∑
i
Qpij′Tn −
∑
k
Qpj′kTn ;∀p, j′, n (4.35)
IpjTn = IpjTn−1 +
∑
i
QpijTn −
∑
k
QpjkTn ;∀p, j, n (4.36)
The budget limitation in establishing facilities in the SCN imposes the following
constraint: ∑
p,i
FFpi.Fpi +
∑
j
FCj.Cj +
∑
k
FMk 6 Budg (4.37)
Lastly, all decision variables are non-negative.
4.3 Solution method
The objective function of the model is obviously nonlinear due to the multiplication
of CDFs. In this study, we selected two GBM functions regarding the stochastic
processes for the demand and price of products in markets. However, according to
the type of stochastic processes and based on the definition of relevant stochastic
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differential equations (SDEs), the form of nonlinear terms can be different. Since
we cannot use these terms in the optimisation model, we deploy a piecewise lin-
ear transformation to break the equations of this nonlinear function into several lin-
earised sections, and substitute the equations with some linear lines. For more
justification of using such piecewise approximation refer to Lin et al. (2013) and this
method’s recent implications in SCND (Mohammaddust et al., 2017; Tsao, 2016;
Sahling and Kayser, 2016).
Nonlinear terms which occurred in Equations 4.7, 4.10 and 4.13 contain four
multiplications of CDFs. We determine each of these nonlinear functions by index
e (= 1, 2, 3, 4) and define the index of le as the set of lines which is substituted
by the relevant nonlinear function e. Every line includes a distinctive coefficient
and constant, shown by β1le and β
0
le
, respectively. The lower and upper bounds of
each line are defined as lowerle and upperle. Variables YlepkTn (= 0, 1) determine
the selection of the associated line le in the optimised solution. According to the
selection of the optimal lines, everyQ and its related equations will be changed. The
nonlinear elements of the objective function and the approximation of each equation
are expressed as follows:
Φ
 ln( QpkTnDpkTn−1 )− ρ12σ1σ2 + σ21
σ1
 = ∑
l1
(
β1l1(
Ql1pkTn
DpkTn−1
) + β0l1Yl1pkTn
)
(4.38)
QpkTnΦ
 ln( QpkTnDpkTn−1 )− ρ12σ1σ2
σ1
 = DpkTn−1 QpkTnDpkTn−1 Φ
 ln( QpkTnDpkTn−1 )− ρ12σ1σ2
σ1
 (4.39)
= DpkTn−1
∑
l2
(
β1l2(
Ql2pkTn
DpkTn−1
) + β0l2Yl2pkTn
)
=
∑
l2
β1l2Ql2pkTn +DpkTn−1
∑
l2
β0l2Yl2pkTn
Φ
 ln( QpkTnDpkTn−1 )− µ1 − σ21
σ1
 = ∑
l3
(
β1l3(
Ql3pkTn
DpkTn−1
) + β0l3Yl3pkTn
)
(4.40)
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QpkTnΦ
 ln( QpkTnDpkTn−1 )− µ1
σ1
 = DpkTn−1 QpkTnDpkTn−1 Φ
 ln( QpkTnDpkTn−1 )− µ1
σ1
 (4.41)
= DpkTn−1
∑
l4
(
β1l4(
Ql4pkTn
DpkTn−1
) + β0l4Yl4pkTn
)
=
∑
l4
β1l4Ql4pkTn +DpkTn−1
∑
l4
β0l4Yl4pkTn
After defining the above linearisation, some related constraints are added to the
model as:
∑
l1
Ql1pkTn =
∑
l2
Ql2pkTn =
∑
l3
Ql3pkTn =
∑
l4
Ql4pkTn (4.42)
= QpkTn =
∑
j
QpjkTn +
∑
j′
Qpj′kTn ∀p, k, Tn
∑
le
YlepkTn = 1 ∀e, p, k, Tn (4.43)
QlepkTn 6 upperleDpkTn−1YlepkTn ∀e, p, k, Tn (4.44)
lowerleDpkTn−1YlepkTn 6 QlepkTn ∀e, p, k, Tn (4.45)
Equation (4.43) specifies that only one piecewise line should be selected for each vari-
able. Equations (4.44) and (4.45) define boundaries for every piecewise line. For present
products we apply a similar approach in Equations (4.38) to (4.45) with the index of p′ in-
stead of p.
By defining a = exp
(
µ1 + µ2 +
(ρ12σ2−σ1)2−(σ2−ρ12σ2)2−2ρ12(ρ12σ2−σ1)(σ2−ρ12σ1)
2(1−ρ212)
)
, b = exp(µ2+
σ22
2 ) and c = exp
(
µ1 +
σ21
2
)
the objective function is linearised as follows:
max
Q′s,Y ′s,P ′s,Cj′ ,Cj
JTn=0 = (4.46)
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=
∑
n
( ∑
l1,p,k
(
(VpkTn + a.VpkTn−1β
1
l1)Ql1pkTn + a.VpkTn−1DpkTn−1β0l1Yl1pkTn
)
+
∑
l1,p′,k
(
(Vp′kTn + a.Vp′kTn−1β
1
l1)Ql1p′kTn + a.Vp′kTn−1Dp′kTn−1β0l1Yl1p′kTn
)
−
∑
l2,p,k
(
b.VpkTn−1β
1
l2Ql2pkTn + b.VpkTn−1DpkTn−1β0l2Yl2pkTn
)
− c.SCpkDpkTn−1
−
∑
l2,p′,k
(
b.Vp′kTn−1β
1
l2Ql2p′kTn + b.Vp′kTn−1Dp′kTn−1β0l2Yl2p′kTn
)
− c.SCp′kDp′kTn−1
+
∑
l3,p,k
(
c.(SCpk − SVpk)β1l3Ql3pkTn + c.(SCpk − SVpk)DpkTn−1β0l3Yl3pkTn
)
+
∑
l3,p′,k
(
c.(SCp′k − SCp′k)β1l3Ql3p′kTn + c.(SCp′k − SCp′k)DpkTn−1β0l3Yl3p′kTn
)
+
∑
l4,p,k
(
(SCpk − (SCpk − SVpk)β1l4)Ql4pkTn − (SCpk − SVpk)DpkTn−1β0l4Yl4pkTn
)
+
∑
l4,p′,k
(
(SCp′k − (SCp′k − SVp′k)β1l4)Ql4p′kTn − (SCp′k − SVp′k)Dp′kTn−1β0l4Yl4p′kTn
)
−
∑
p,i
PCpi.PpiTn −
∑
p′,i
PCp′i.Pp′iTn −
∑
p,i,j
TCpij .QpijTn −
∑
p,i,j′
TCpij′ .Qpij′Tn −
∑
p′,i,j
TCp′ij .Qp′ijTn
−
∑
p′,i,j′
TCp′ij′ .Qp′ij′Tn −
∑
p,j,k
TCpjk.QpjkTn −
∑
p′,j,k
TCp′jk.Qp′jkTn −
∑
p,j′,k
TCpj′k.Qpj′kTn
−
∑
p′,j′,k
TCp′j′k.Qp′j′kTn −
∑
p,i
ICpi.
IpiTn + IpiTn−1
2
−
∑
p′,i
ICp′i.
Ip′iTn + Ip′iTn−1
2
−
∑
p,j
ICpj
IpjTn + IpjTn−1
2
−
∑
p′,j
ICp′j
Ip′jTn + Ip′jTn−1
2
−
∑
p,j′
ICpj′
Ipj′Tn + Ipj′Tn−1
2
−
∑
p′,j′
ICp′j′
Ip′j′Tn + Ip′j′Tn−1
2
)(
exp(−rT )
(1 + α)n−1
)
−
∑
p,i
FFpi.Fpi −
∑
j
FCj .Cj −
∑
k
FMk
Subject to Equations (4.19) to (4.37) and (4.42) to (4.45). The model is now transformed as
a mixed integer linear programming (MILP) model that can be solved by a commercial solver,
namely CPLEX, which employs a standard and robust algorithm according to the branch
and cut optimisation technique. Since the variables of the model have the index of number
of products, markets and periods of time, the combinatorial explosion problem will occur.
Concerning the yield of a smaller model size, we have defined the least exogenous variables
in our Python interface program, and convert equality constraints (especially constraints with
binary variables, i.e. Equation series 4.42 and 4.43) into the corresponding equations.
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4.4 Case study
In this part of our study, we illustrate how the redesigned mathematical SCN model is imple-
mented using a medium-sized cement SCN. Two main cement manufacturers in Australia
provided actual disclosed data, which we have merged and scaled, and then applied in a
hypothetical SCN company. Cement has been selected for the case study because it is
perishable in storage, as it absorbs moisture in the air and can thus become hardened and
useless.
4.4.1 SCN issues
The structure of the existing SCN displayed in Figure 4.4 shows there are three factories in
the SCN. Brisbane (i1) and Adelaide (i3) plants produce packaged and bulk cement while
the Wollongong (i2) plant does not have any bagging system to produce packaged prod-
ucts. There are four different types of cement A, B, C and D among which type D is only
provided in bulk. Considering bulk and packaged for the other three types, there is a portfolio
of seven types of product including bulk (p′1, p′3, p′5, p′7) and packaged (p′2, p′4, p′6). Figure 4.4
also shows the company has five existing DCs (J ′ = 5) to distribute the products to seven
defined existing markets (k1 to k7).
The product launch plan includes the production plans of present products based on his-
torical trends (provided in Table A.1). It also identifies the new kind of cement that can be
produced and sold in the SCN. The new cement can be presented in both bulk (p1) and
packaged (p2). Table A.2 gives the maximum production capacity (Pmaxpi ) and the factory
selection (Fpi) for each new product. The minimum production capacity is taken as zero.
There are three one-year time periods (N = 3) in the product launch plan.
We have selected the Wollongong factory due to its ability to export the new bulk cement
to New Zealand as a new market (k8), and the selection of Brisbane could lead to establish-
ing another new market in Darwin (k9). On the other hand, the existing markets of Sydney
(k3) and Melbourne (k5) are intended to be the major markets for the new products because
of the traditionally higher demand in those locations. The decision-makers choose Mt Isa (j1)
and Darwin (j2) as new DCs to supply a new market-Darwin- by roads or sea. Additionally,
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Market
FIGURE 4.4: Case Study: Existing SCN Structure
they candidate Melbourne (j3) and Sydney (j4) for new DCs for local and related markets,
due to the limited capacity of existing DCs in those regions. The structure of the new SCN
is depicted in Figure 4.5.
Brisbane
Wollongong
Adelaide
Townsville
Sydney
Melbourne
Mt Isa
Darwin
Canbera
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New Zealand
SCN facilities
Factory
Existind DC
New DC
Market
FIGURE 4.5: Case Study: New SCN Structure
According to the new SCN structure, the feasibility of routes between the tiers can be in-
vestigated (as illustrated in figure 4.6). For the transportation of bulk and packaged cement,
all types of logistics methods between two tiers have been explored, including the availability
of roads, railways, shipping methods, port facilities, efficient cement carriers, etc.
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FIGURE 4.6: Case Study: Feasible Routes Between the Tiers
Maximum material handling capacity of existing DCs, given as j′1 to j′5 are 30, 45, 50, 57
and 55 (1000 tonnes/year), while for new DCs j1 to j4 they are estimated as 48, 48, 51 and
67 (1000 tonnes/year). Having quite the same shapes, different types of cement products
need the same spaces for storage. So, the coefficient pertaining to the capacity of storage
of both present and new products is simply defined based as bulk or packaged, which is 0.8
or 1, respectively.
In keeping with the product launch plan, Table A.3 of Appendix A.4 shows the present
products’ demand, and Table A.4 defines their value (price) in the markets at the beginning
of planning time horizon (T0). Table A.5 demonstrates the initial demand and price for the
new products.
We have assumed that the distribution functions of the products’ demand and price in all
markets will follow Australia’s historical annual cement demand distributions over the last 30
years, i.e. µD = 0.03 , µV = 0.04 , σD = 0.05 , σV = 0.05 and ρ12 = 0.19, which leads to
µ1 = 0.02 , σ1 = 0.05 , µ2 = 0.04 , σ2 = 0.05 , and ρ = 0.19. Based on these values, the
approximations of Equations 4.38 to 4.41 are depicted for each equation in Figures 4.7 and
4.8. The equation of each piecewise line defines the related parameters (β0le , β
1
le
, lowerle
and upperle). In accordance with the continuous processes introduced in Equations (4.1)
and (4.2), t is defined as one working day, and we assume that the data on the processes is
available for 250 working days per year. In order to determine the initial demand and price of
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every period required for the objective function of the model (i.e. DpkTn−1 , Dp′kTn−1 , VpkTn−1
or Vp′kTn−1), we assume that every process starts from the ending point of the previous
period. Figure 4.9 illustrates how the continuous process of demand/price, started from a
point, will end at different values related to the σ and µ of the processes. We find the ending
point based on the σ and µ and use the ending point as the start point of the next period’s
process.
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FIGURE 4.7: Case Study: Linearisation of Equation 4.38 and Equation 4.39
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FIGURE 4.8: Case Study: Linearisation of Equation 4.40 and Equation 4.41
4.4.2 Financial issues
Infrastructure costs of the new cement products’ production are shown in Table A.6 of Ap-
pendix A.4. Costs depend on the maximum production quantity for each factory. Production
and inventory of bulk cements in every factory has a direct cost of approximately AU$95
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FIGURE 4.9: Realisation of Demand/Price as a GBM Process with respect to
Drift (µ) and Volatility (σ) changes Once the Other Parameter Is Fixed.
and AU$15 per tonne. For packaged products, the direct costs of production and inventory
increase to AU$110 and AU$25, correspondingly.
The necessary costs of new DCs, including infrastructure and inventory costs, are re-
ported in Table A.7. The inventory unit costs of existing DCs, ICp′j′ and ICpj′ are analysed
as AU$25, 40, 45, 45, and 35 per tonne respectively for DCs j1 to j5 once they are stored by
bulk cements, and AU$55, 75, 90, 85 and 80 once they are stored by packaged products.
Opening new markets k3, k5, k8 and k9 also charge AU$m3, 2.5, 2 and 1 to the company.
Transportation costs of cement to the company are optimised by direct-to-door deliveries
in conjunction with various rail service providers and shipping lines. Tables A.8 to A.15 report
these expenses between every two tiers of the SCN, based on transportation feasibility
routes.
The unit shortage cost for unmet demand of present products is AU$5 per tonne. For
each new product, the cost will be AU$10 per tonne as a result of more losses in new com-
petitive markets. Residual packaged cement would not be valuable, but the bulk products
are worth AU$10 per tonne.
Cement manufacturers usually stock only bulk cements in their constructed silos based
on their capacities. The inventory levels of present bulk cements in each factory have been
reported in Table A.16. Additionally, initial inventory levels of present products in the existing
DCs have been reported in Table A.17. No inventory level is considered for the new products
in any factories or DCs. Similarly, no stock is supposed for the present product in any new
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DCs.
This problem was formulated in Python 2.7 software and solved employing ILOG CPLEX
12.6.2 optimisation software on a computer with an Intel(R) Core(TM) i5 - 5300 CPU @
2.3GHz, and 8.00 GB RAM at the default settings. The model had 6537 linear constraints,
2277 binary variables and 4806 continuous variables. The solution was fetched up in 200
CPU seconds with a zero percentage of integrality gap. The total objective function value
is AU$759,759,814. The revenue of the company during the planning time horizon equals
AU$2,577,187,366, after spending AU$1,758,207,552 on costs. This proves the gross profit
margin ratio of 29% for the company, which is common in the cement industry (Bloomberg
Blog, 2016). As µD and µV are both positive, the demand and price of all products increases
over the next time periods, and the aforementioned profit is expected from the case study
SCN. Table 4.1 illustrates the elements of the revenue and costs of the new SCN compared
to the existing SCN results. It also shows that the new SCN increases the company’s profit to
49% compared to the existing SCN. Based on the last column of Table 4.1, a higher portion
of income in the new SCN is the main reason for the increase. So, despite boosting the
initial demand of all products to 11%, the manufacturing of new products will lead to 20%
growth in the company’s total income. Total cost also increases by 11%, which is less than
the income growth.
Moreover, total cost analysis shows that transportation costs from COGS has the highest
portion, with 49%, while the shortage cost of unmet demand from operational cost is the
lowest, at 0.5%. Infrastructure cost contributes to 3.3% of total cost, in which the major
contributor is the establishment of manufacturing equipment, as illustrated in Table A.2. Total
infrastructure costs of DCs have come from the establishment of new DCs 2 and 3. Present
and new products profits are 89.8% and 10.2% of the total profit, respectively. The ratios
of present to new product costs are similar except for the shortage and inventory costs.
Failing to succeed in the presentation of a new product has a substantial shortage cost, as
competitors simply occupy the markets with other similar products. This is proven by the
significant increase of 62% in shortage costs. Some markets are revealed to encounter
deficiencies in new products due to limitations in the capacity of inventories and production
rates (see Tables A.18 to A.21 in Appendix A.5). The inventory cost for new products would
be negligible, as shown in an increased percentage of the cost; we assumed that there is no
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initial stock for new products in preparation for future demand.
Revenue analysis demonstrates a 90.3% to 9.7% proportion between present and new
products’ income, which is also observed in net sales and salvage values. The reason for
such low salvage value income stems from the optimisation approach, which keeps the extra
products at the lowest amount during each period.
TABLE 4.1: Case Study: Optimal Solution (AU$m)
New SCN Existing SCN
Parameter Present Products New Products Total Present Products Increase
Value % Value % Value % Value % %
Profit 628.6 89.8 77.2 10.2 759.8 509.4 49
Revenue 2328.1 90.3 249.1 9.7 2577.2 100 2149.3 20
Net Sales 2322.2 90.3 249.0 9.7 2571.2 99.8 2143.4 100 20
Salvage Value 5.9 98.3 0.1 1.7 6.0 0.2 5.9 0.2 2
Total Cost 1645.5 90.5 171.9 9.5 1817.4 100 1639.9 100 11
Operational
Cost 1645.5 93.6 112.7 6.4 1758.2 96.7 1639.9 90.2 7
Shortage Cost 6.1 61.5 3.8 38.5 9.9 0.5 6.1 0.3 62
COGS 1639.5 93.8 108.9 6.2 1748.4 96.2 1633.8 89.9 7
Production Cost 715.8 92.6 57.6 7.4 773.3 42.6 715.8 39.4 8
Transport Cost 839.5 94.3 50.7 5.7 890.2 49.0 833.5 45.9 7
Inventory Cost 84.2 99.2 0.7 0.8 85.9 4.7 84.5 4.7 0
Infr. Cost 59.2 100 59.2 3.3
Initial Demand 2,627,000 89.9 295,000 10.1 2,922,000 100 2,627,000 11
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FIGURE 4.10: Case Study: The Optimal New SCN
The optimal new SCN of the case study is depicted in Figure 4.10. In comparison with the
feasible routes of the company (Figure 4.6), the route between i1 and j′1 has been omitted
and the markets k1 and k2 will be fed solely by DC j′2 only. The solution also suggests that
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the company should send the remaining stock of DC j′1 to the connected markets, k1 and k2,
at the first period; in the following periods it no longer uses this DC. In order to manufacture
new products, all factories should be employed. For transportation, the existing DC j′3 and
the new DCs j2 and j3 will be used to cover demand from all four new markets. The demand
of k9 has been met by DC j2. DC j1 and j2 have the same maximum capacity. We see that
j1 is only supplied by i1, while j2 can be supplied by factory i2 as well. Hence, this is a better
supply to select for an optimal solution. As was expected, the demand of present and new
products in both new markets (k8 and k9) has been met. As a big city, Melbourne market
k5, has high demand and needs to be supplied through more than two DCs. So, a new
Melbourne DC (j3), as assumed, has been established in addition to the existing one (j′4).
This new DC can distribute present products to markets k4 and k6 in a more feasible way.
The Sydney market (k3) also has high demand, but can be supplied through one existing DC
(j′3) in Sydney, with no need for an additional Sydney DC (j4). This is because the existing
DC has sufficient capacity and is located close enough to the market. It is able to cover
all new and present demands produced at the two nearest factories in Brisbane (i1) and
Wollongong (i2). However, Melbourne is located at further distances from the factories in
Wollongong (i2) and Adelaide (i3), and therefore, j′4 needs to trade off between the factories
and the respective markets.
Table A.22 deliberates optimal quantities delivered to the various markets, both in the
new and existing cement company structures in each time period. In summary, Figure 4.11
shows the total amount of all products delivered to each market, comparing new and existing
SCNs. The figure demonstrates that the model has created more income for the SCN by
the transition of present products from the markets with lower profitability, k3 and k5, to the
new ones with higher profitability, k8 and k9. In addition, there is an appropriate trade-off
between the amount of new and present products in each market. For instance, in New
Zealand (market k9), although present product p′4 has growing demand in the second and
third time periods, no quantity is allocated to these periods by the model. Instead, the model
satisfies the demand of new products in these periods, which provides better profit margins
for the company.
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FIGURE 4.11: Case Study: Quantities Transported to Markets
4.5 Sensitivity analysis
In this section, the parameters of the proposed model that are related to uncertain demand
and price processes are used to analyse the model’s sensitivity. Table 4.2 demonstrates
the effect of changing these parameters (i.e. µD, σD, µV , σV and ρ12) on the nonlinear
equations, which should be re-linearised when one of these parameters changes. The table
also determines the profit/objective function part affected by the nonlinear equation.
TABLE 4.2: Nonlinear Equations Need Relinearisation in Sensitivity Analysis
Examinations
Nonlinear term Profit section µD σD µV σV ρ12
Equation (4.38) Net sales ! !* !*
Equation (4.39) Net sales ! !* !*
Equation (4.40) Salvage value & Shortage cost ! !
Equation (4.41) Salvage value & Shortage cost ! !
* Negligible variation
4.5.1 The impact of uncertain demand
The first GBM function deliberates demand uncertainty by its drift and volatility. Regarding
the examination of the demand drift, we assume that all input values except demand drift
are fixed. By a variation of µD, the initial demand of new and present products in each time
period will vary due to the log-normal distribution of the GBM processes. So, we need to de-
termine the initial demand of all products in each period (Figure 4.9a illustrates how the initial
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demand in other periods is derived). Each time period’s estimation of production of present
products has been defined as a parameter of the model (shown in Table A.1). Therefore, we
need to vary these estimations based on the present products’ demands, correspondingly.
We use the expected value of the GBM process (i.e. E(Dp′kTn) = Dp′kTn−1eµDT ) to vary the
estimation.
Table 4.2 illustrates that the linearised functions obtained from Equations (4.38) and
(4.39) remain valid with respect to different values of µD; however, those from Equations
(4.40) and (4.41) need modifications 4. By decreasing µD, profit will be reduced (see Table
4.3) as the initial demand from markets in the following time periods decreases for all prod-
ucts. The company would fail to make a profit for µD 6 −0.4. Figure 4.12 (left panel) shows
that a change in µD has a higher enhancing impact on revenue than total cost. Table 4.3
also illustrates that the SC will gain AU$683m profit, even in the absence of demand drift
(µD = 0). The last column of the table determines which existing DCs should be selected or
which new DCs should be established. The values illustrate that the structure of the network
will not change in the presence of demand drift changes.
TABLE 4.3: Case Study: Sensitivity Analysis Results for New SCN in respect to
µD (AU$m)
µD Total Profit Total Revenue Total Cost
Present Pr. New Pr. Infra.Cost Total Present Pr. New Pr. Total Present Pr. New Pr. Total Selected DCs
-0.30 283 109 -59 333 1533 199 1732 1250 90 1339 j′3, j2, j3
-0.10 437 126 -59 504 1895 228 2123 1457 102 1559 j′3, j2, j3
0 609 133 -59 683 2249 244 2493 1640 111 1751 j′3, j2, j3
0.10 869 151 -59 961 2680 266 2946 1811 115 1926 j′3, j2, j3
0.30 1759 219 -59 1918 4030 353 4383 2272 134 2406 j′3, j2, j3
Demand fluctuations in markets are determined by changes in σD. Once the demand
volatility is negligible, the profit can increase slightly. Figure 4.13 shows that fixing demand
drift by increasing σD to 0.5 will increase the profit, while increasing more than 0.5 will have
a negative impact on the profit. As Figure 4.9a illustrates, when the drift is positive, the slight
increase in σD can still increase the ending point of the process (i.e. the initial demand of
the next period). When the drift is negative or zero, the effect of volatility may not conclude
a positive effect on profit (see Figure 4.9b). The first column of Table 4.4 demonstrates that
the model can neutralise the effect of lower demand volatility (less than 0.5) by changing the
structure of the SCN, while it cannot be applied in higher volatilities.
4Refer to the supplementary document of this study regarding the linearisation of nonlinear equa-
tions calculated for each sensitivity analysis parameter shown in Table 4.2.
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TABLE 4.4: Case Study: Sensitivity Analysis Results for the New SCN in re-
spect to σD (AU$m)
σD Total Profit Total Revenue Total Cost
Present Pr. New Pr. Infra.Cost Total Present Pr. New Pr. Total Present Pr. New Pr. Total Selected DCs
0 607 128 -59 676 2230 237 2467 1623 109 1731 j′3, j2, j3
0.5 876 175 -59 992 2508 284 2793 1632 110 1742 j′2, j′3, j2, j3
1.0 786 184 -59 910 2382 285 2667 1596 100 1697 j′2, j′3, j2, j3
1.5 301 128 -59 369 1879 223 2102 1578 95 1673 j′2, j′3, j2, j3
2.0 -81 68 -59 -72 1486 147 1633 1567 79 1646 j′2, j′3, j2, j3
TABLE 4.5: Case Study: Sensitivity Analysis Results for New SCN in respect to
µV (AU$m)
µV Total Profit Total Revenue Total Cost
Present Pr. New Pr. Infra.Cost Total Present Pr. New Pr. Total Present Pr. New Pr. Total Selected DCs
-0.30 -405 21 -59 -443 1175 108 1282 1580 86 1666 j′3, j2, j3
-0.10 126 75 -59 142 1752 187 1939 1626 112 1738 j′3, j2, j3
0 504 116 -59 561 2145 229 2374 1641 113 1754 j′3, j2, j3
0.10 986 171 -59 1097 2635 283 2918 1649 113 1762 j′3, j2, j3
0.30 2413 343 -59 2697 4107 458 4566 1694 115 1809 j′2, j′3, j2, j3
4.5.2 The impact of uncertain price
The second GBM function identifies price uncertainty by accommodating price drift and
volatility. Based on Table 4.5 and Figure 4.12, decreasing µV will cause the profit to drop,
and setting µV = −0.3 will result in negative profit (loss). The growth seems consistent in
almost all positive price drifts. However, for µV ≥ 0.2 , the SCN structure also changes,
and in addition to the existing DC j′3, DC j′2 is also exploited to distribute new products.
This leads to enhancing the slope of profit growth in these values. Comparing Table 4.3
with Table 4.5 demonstrates the influence of both drifts on profitability, cost, and revenue of
new products against present ones. We observe that demand drifts make more changes
in present products than in new products, whereas price drifts will change both new and
present products’ associated values.
As demonstrated in Table 4.6, when price highly fluctuates (with fixed average and trend),
the SCN structure does not change. The slight decrease in profit shown in Figure 4.13
proves that the model controls the volatility of price by changing the sales preferences be-
tween new and present products in markets. This conclusion has been partially represented
in the columns of Table 4.6 in terms of present and new product profits, and the network
structure has been depicted in the supplementary document for this study.
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TABLE 4.6: Case Study: Sensitivity Analysis Results for the New SCN in re-
spect to σV (AU$m)
σV Total Profit Total Revenue Total Cost
Present Pr. New Pr. Infra.Cost Total Present Pr. New Pr. Total Present Pr. New Pr. Total Selected DCs
0 685 137 -59 763 2329 249 2579 1644 113 1757 j′3, j2, j3
0.5 481 130 -59 552 2090 237 2327 1609 107 1716 j′3, j2, j3
1.0 530 125 -59 595 2135 232 2367 1606 107 1713 j′3, j2, j3
1.5 210 121 -59 272 1863 228 2091 1653 106 1760 j′3, j2, j3
2.0 173 120 -59 233 1825 226 2051 1653 106 1759 j′3, j2, j3
4.5.3 The impact of the correlation between demand and price
One contribution of the study is the simultaneous consideration of product demand and price
uncertainties and their correlation in markets. In our case study example, we calculated the
correlation through the empirical data of demand and price during the past 30 years in
the cement industry. The correlation was slightly positive (ρ12 = 0.19); however, in many
other cases, the demand curve of products is mostly downward-sloping, which implies a
negative correlation. According to the characteristics of products or industry, the historical
process of demand and price reflects different correlation values. In order to justify the
model’s validity in terms of the usage of correlation (ρ12), we change the correlation in several
acceptable values within its range, ρ12 ∈ (−1, 1) to examine the effect of this parameter
on the profit of the SC. Figure 4.14 illustrates that the model clearly reflects this effect.
Once the correlation is negative, which is more common in markets, the profit will decrease
dramatically. The results show that a correlation coefficient of less than -0.5 will significantly
decrease the profit. This means that when the demand increases/decreases in the market,
if the managers drop/boost the price in such a way that the correlation would be less than
-0.5, the profit of the SC is more likely to decrease.
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FIGURE 4.12: Case Study: Revenue, Total Cost and Profit Variation in respect
to µD and µV (AU$m)
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4.5.4 Additional findings
Comparing Table 4.4 with Table 4.6 proves that managers should be more mindful about
changes in volatility of demand than of price. The objective function terms (Equation 4.46)
demonstrate that the influence of price fluctuation will be considerable when the market
reflects small changes in demand, or especially when the demand is constant (σD = 0 and
µD = 0).
In our model, the only element of profit which receives the effect of correlation between
demand and price (ρ12) is ”net sales”. Table 4.1 illustrates that net sales are the main part
of the profit, and this fact proves how important the consideration of correlation is in this
study. We further examine the effect of ignoring the correlation between demand and price
on net sales. Figure 4.15 shows the net sales value obtained when the correlation is -
0.5 and it is considered, and the net sales when the correlation is neglected. The results
illustrate that if the correlation is ignored, more profit is gained under consideration of each
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demand volatility. This imprecise solution could mislead managers when they deal with
higher demand uncertainties.
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FIGURE 4.15: Case Study: The Effect of Demand and Price Correlation on Net
Sales
4.6 Computational considerations
4.6.1 Model size
The linearised model has 2277 binary variables, 4806 continuous variables and 6537 con-
straints. It is evident from SCN literature that the computational time or the gap of the
optimisation solver is mostly related to the number of suppliers, factories, DCs/warehouses,
markets/customer zones/retailers, products, and periods of time. In order to examine our
model size, we compare several recent case studies of similar SCN models in the literature
with our case study size. The comparison reported in Table 4.7 proves that our model size
is apparently comparable.
TABLE 4.7: Case Study: Model Size of Similar Problems Reported in Recent
SCN Literature
MIP Problem size in terms of No. of
Reference model Suppliers Factories DCs Markets Products Periods
Li et al. (2010) Linear 2 3 - 1 1 1
Kim et al. (2011) Linear - 2 4 10 2 1
Lundin (2012) Linear - 3 3 9 1 4
Baghalian et al. (2013) Nonlinear - 3 3 9 1 1
Longinidis and Georgiadis (2014) Linear - 2 7 8 8 5
Nouira et al. (2016) Linear - 4 2 2 1 1
Sahling and Kayser (2016) Nonlinear 10 5 - 5 5 6
Varsei and Polyakovskiy (2017) Linear - 1 3 5 2 1
This study Nonlinear - 3 9 9 7 3
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4.6.2 Computational time
The computational time of the optimisation models is mainly related to the number of bi-
nary/integer variables (Winston and Goldberg, 2004). Our original model only had |J |+ |J ′|
binary variables, but as a consequence of linearisation of Equations (4.38) to (4.41), it in-
creases by:
No. of binary variables = |J |+ |J ′|+ |L1 + L2 + L3 + L4| × |P + P ′| × |K| × |N | (4.47)
L1 to L4 determine the number of piecewise lines (i.e. le’s) for each nonlinear equation,
and apparently, a fewer number of lines will impose fewer binary variables for the model.
On the other hand, the substitution of a piece of a function with a line will force an error in
calculation of the objective function. By increasing the number of piecewise lines, the error
will decrease. Additionally, there should be a tradeoff in this regard.
Equation 4.47 also illustrates that the run time will be expanded when the problem is
modelled by a longer planning time horizon (TN ). Looking at Table 4.8, a longer time hori-
zon leads to noticeably longer problem solving times. A one-unit increase in TN brings a
33% increase in the size of the model. However, by growing the strategic time horizon to
five, the model in a 24-hour problem solving time (i.e. maximum allowable CPU time in
CPLEX setting) would have a relatively reasonable 4.5% gap. When the N is 10, this gap
becomes 31.4%, which is not acceptable. The last row of the table shows that with the
same number of variables, the existing SCN has a gap of under 10%. Although this gap
is reasonable, it does not guarantee such a value will be achieved in other examples. Us-
ing higher speed processors, the branch and cut algorithm embedded in the CPLEX solver
can efficiently optimise models with thousands of binary variables; however, in large-scaled
real-life cases demanding high computational time, a weighting method (used by Zhang et
al. (2013) besides the branch and cut algorithm) or even a heuristic technique (e.g. Shen
and Daskin (2005); Yildiz et al. (2015)) can be used.
The detailed results of sensitivity analysis of the basic model are provided in A.6.
59
Chapter 4. Supply chain network redesign with demand and price uncertainty
TABLE 4.8: Case Study: Computational Analysis Results - Example Size
CPU Problem size in terms of No. of
Exl. TN Features Constraints Binary Variables Continuous Variables Increase(%)
1 3 2.3GHz-8GbRAM 6537 2277 4806
2 4 2.3GHz-8GbRAM 8673 3033 6408 33
3 5 2.3GHz-8GbRAM 10809 3789 8010 67
4 10 2.3GHz-8GbRAM 21489 7569 16020 233
5 10 3.4GHz-8GbRAM 21489 7569 16020 233
TABLE 4.9: Case Study: Computational Analysis Results - Time and Gaps
New SCN Existing SCN
Exl. Time Gap(%) Time Gap(%)
1 4’:21” 0 1’:22” 0
2 16:29’:40” 0 1:18’:47” 0
3 24:00’:00” 4 10:52’:16” 0
4 24:00’:00” 31 24:00’:00” 10
5 24:00’:00” 9 24:00’:00” 3
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Optimising financial performance
measures in an SCN redesign
5.1 Problem description
Taking both real business world problems and the existing gap in the literature into consider-
ation, we aim to formulate a problem for redesigning an SCN which considers the financial
performance of an SCN company. Demand and price are demonstrated as being the two
main uncertain parameters of the model by representing two correlated geometric Brownian
motions (GBMs) in a real-option (RO) framework.
The problem considers a general configuration of an existing SCN. Recent SCN litera-
ture reviews (Govindan et al., 2017; Farahani et al., 2014; Klibi et al., 2010) confirm that a
usual SCN includes three echelons in its network. As stated by Melo et al. (2009), SCN
designing models consist of discrete facility location problems, and our model introduces
discrete manufacturing factories, distribution centres (DCs), and markets as the customer
zones. Multiple products are transported from factories’ warehouses to the geographically
dispersed DCs’ warehouses, and from there to the segmented zones as the markets of the
SCN.
The new design is introduced as new products are introduced, which includes manufac-
turing some new products (p) and adding them to the previous product portfolio. Producing
new products will give the management an opportunity to open new predetermined markets
(k) and develop the sales. As a result, some new DCs might be established in some candi-
date positions (j) to serve the new or previous markets. In addition to the new DCs, some
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previous DCs (j′) are selected to transmit the new products.
In this model, we assume that the organisers can estimate the level of production and
transportation of the previous products during a multi-period time horizon, and that they aim
to know how the new products in the new structure could be operationally and financially op-
timised. Indeed, the redesigning consideration forces the model to optimise just the effects
of new products in the new structure of the model. As a result, the entirety of the previous
products’ demand and price can be estimated during the planning time horizon (TN ) con-
sidering the initial estimation of new products’ demand and price in markets. However, new
products’ demand and price are assumed as uncertain parameters.
Regarding the stochastic demand of new products, we benefit from the total consumption
pattern of the products during a historical period which demonstrates the seasonality, trends,
and volatility of the demand. Liu and Tang (2011) confirm the importance of employing
longitudinal data for attuning stochastic demand or price processes of products to reflect
most of the potential shocks properly. We also use historical data of new products’ prices,
aiming at finding the stochastic processes of the prices and the relation between these
patterns and demand processes. Huang et al. (2012) embed the real-option concepts to
model the stochastic process of demand and price for a market. Jahani et al. (2018) employ
this method to redesign an SCN when new products are launched to market. We employ it in
a way that correlated demand and price stochastic parameters can be utilised to contemplate
the uncertainty of the markets.
We deliberate on maximisation of the equity rather than profit and will employ financial
performance analysis to mitigate financial risks arising from the application of the model.
Total equity sheds light on the shareholders’, managers’, and creditors’ perspectives, in
addition to the SCN organisors’ viewpoints. Investigating the future inflows and outflows of
cash during the periods will make the financial managers certain about the consequences
of the new design. In this model, we employ the financial managers’ strategic report for
budgeting the main statements of the company during the next periods. The budgeted
income statement and balance sheets, known as pro-forma financial statements, are used
to control the future activities of the SCN considering only the previous products’ effects.
The new structure of the SCN will impose substantial changes in the elements of the
budgeted statements. Financial managers can usually consider the significant effects of
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development strategies, such as launching new products. The main changes stem from
financing the new design and determining the necessary loan amount in addition to the
company’s available cash. From the stockholders’ or creditors’ viewpoint, financial man-
agers must present the new statements of the company after applying the new design. As
the balance sheet and income statement interact in many ways between their accounts, the
model calculates the effect of new products in these interactions by maximising the total eq-
uity. The operational decisions to be made regarding the new SCN structure in the proposed
model are:
• The number, capacity and location of new established DCs.
• The feasible routes between the facilities and the quantity of every new product to be
transmitted.
• The production amount of each new product in every plant during time periods.
• The inventory levels in factories and new DCs.
The financial decisions to be made regarding the new main statements of the company
in the proposed model are:
• The amount of fixed asset investment needed at the start of the new design and
amount of fixed assets in every period.
• The loan amount needed for financing the new design in terms of long-term and short-
term debts.
• The amount of available cash to be spent in the new design in addition to the loan.
5.2 FPI model
Here, the mathematical model is presented by introducing detailed nomenclatures and nota-
tions of the sets, SCNs, and financial parameters, in addition to decision variables employed
in the formulations (see B.1). We also extract the nomenclature related to the accounts of
financial statements used in the FPI Model from a designated typical income statement and
balance sheet shown in B.2.
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5.2.1 Objective function of the FPI model
The proposed FPI model defines total equity of each time period as an endogenous vari-
able being optimised in place of an exogenous approximated parameter that is reflected in
most relevant research. The purpose of the FPI model is to maximise total equity gained
in the planning time horizon by selecting optimal DCs among the candidate DCs and de-
termining other variables. The stochastic processes occur in continuous time t once the
SCN redesigning decision variables (known as production quantities (P), inventory amounts
(I), and the transportation quantities between the tiers (Q)), evolve in discrete time periods
(Tn). Financial decisions are determined as a required budget for the new design (Budg)
and from where this budget comes - i.e. a proportion of available cash (βCCE ) or a lump-
sum loan (Loan). The strategic long-term scheduling horizon of SCN models necessitates
deliberation of the net present value (Sahling and Kayser, 2016). We employ this concept
by defining the summation of discounted total equity in each period (TEn) shown as follows:
Max
N∑
n=1
TEn(P
′s, I ′s,Q′s,Budg;Tn)
1
(1 + α)n
(5.1)
In the following equations, we define ∆ symbol for every account of the financial state-
ments as the changes that the new structure will impose upon the account, in comparison
with the budgeted value of the parameter regarding the previous structure of the SCN (shown
with apostrophe). For instance, Equation (5.2) determines the relationship between the es-
timated value of total equity (considering only previous structure of the SCN (TE′n)) and the
changes which the new structure causes in the total equity account (∆TEn).
TEn = TE
′
n + ∆TEn ;∀n (5.2)
∆TEn = ∆RERn + ∆COCn + ∆RSUn ;∀n (5.3)
In every balance sheet, total equity is represented by retained earnings (RERn), con-
tributed capital (COCn), and revaluation surplus (RSUn) formulated in Equation (5.3). Cur-
rent market value of an asset is indicated by adjusting its recorded value, called revalua-
tion. When buying a DC, its regularly registered fixed cost asset and its market value might
change in the course of time. It would be the businesses’ choice to pick the cost model and
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evaluate the asset value on a historical-cost basis, or apply this revaluation model in which
the market value has an up-to-date rate that stems from updated financial reports. The ad-
dition to retained earnings (AREn) must be added to the previous period’s retained earnings
to yield the retained earnings of the current period (see Equation (5.4)).
∆RERn = ∆RERn−1 + ∆AREn ; ∀n & ∆RER0 = 0 (5.4)
∆AREn = ∆NOPATn −∆DIVn ;∀n (5.5)
According to the income statement, addition to retained earnings is equal to net operat-
ing profit after tax (∆NOPATn) minus the change in dividends (∆DIVn); this is calculated
in Equation (5.5). The reason for separating the change of dividends from NOPAT is that the
board of directors may decide to apply a different dividends yield 1 during the implementation
of the new design. The dividends are reported on the statement of changes in shareholders’
equity and also as a use of cash in the financing account of the cash flow statement (Ross
et al., 2000).
Equations (5.6) to (5.9) include the profitability measures definition regarding the changes
that the new SCN structure will impose upon the accounts. As Equation (5.6) shows,
NOPAT is calculated by taking earnings before tax (EBTn) and subtracting the tax expenses
(∆TXn). EBT is recognised as the taxable income (also gross income or adjusted gross
income) of a company. According to the income statement shown in Equation (5.7), EBT
can be computed by subtracting interest expenses in each period (∆INTn) from earnings
before interest and tax (∆EBITn). Depreciation expenses (DPRn) are another financial
consideration in income statements which should be subtracted from earnings before in-
terest, tax, and depreciation (∆EBITDn), to yield EBIT (see Equation (5.8)). If the SCN
company amortises some expenses in its accounting system, and/or organisers have any
intangible assets obtained by applying the SCN model (such as brands, patents, etc.), they
should subtract the relevant amortisation expense (∆AMZn) from EBITD in each period,
which then converts its name to EBITDA (Equation (5.9)). This value ties the cost of the
1 Dividends yield is defined as the amount of dividends a company distributes out considering its
stock value. It is typically demonstrated in percentage computed by dividing the annual paid dividends
for each share by the value of one share of stock, both representing in dollar (Ross et al., 2000).
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intangible assets with the income they generate.
∆NOPATn = ∆EBTn −∆TXn ; ∀n (5.6)
∆EBTn = ∆EBITn −∆INTn ; ∀n (5.7)
∆EBITn = ∆EBITDn −∆DPRn ; ∀n (5.8)
∆EBITDn = ∆EBITDAn −∆AMZn ; ∀n (5.9)
Tax expenses (∆TXn) are paid based on a company’s tax rate (CTRn), determined by
the governmental taxation office of its country (see Equation (5.10)). According to the size
of a company this rate will change based on the company’s taxable income. As the SCN
companies are large businesses, a full company tax rate is normally applied for calculating
tax expenses in AIS. Interest expense (∆INTn) in each period is paid due to both short-term
and long-term debts, which are reported in the balance sheet. Before applying the model,
financial managers should determine the source of the money to be spent in the new design.
If the company must pay a creditor within 12 months of the balance sheet date, this should
be reported in the short-term debt of the first period (∆STD1), causing an interest expense
with a short-term interest rate of SR. If the money is due more than a year after the balance
sheet date, it must be reported in long-term debt account (∆LTDn). The interest expense
applied to this money is calculated via a long-term interest rate of LRn. Short-term debt and
long-term debt are located in the accounts of short-term liabilities and long-term liabilities,
respectively, which are reported in the balance sheet.
∆TXn = CTRn.∆EBTn ;∀n (5.10)
∆INTn = SR.∆STD1 + LRn.∆LTDn ;∀n (5.11)
Financial managers are asked to determine the source of the money budgeted in the new
design which is a combination of a percentage (βCCE) of available cash at time zero (CCE0),
or a lump-sum loan shown in Equation (5.12). The money that a company can borrow (Loan)
depends on certain characteristics of the company, such as whether any credit defaults or
outstanding taxes exist, whether the company is the lender’s business customer, or whether
the loan is to be secured or unsecured. As we declared in Equations (5.13) and (5.14), by
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getting a loan, the liabilities of a company will increase from the first period. In other words,
a proportion of the loan (βSTD) will increase the short-term debt account for just the first
period (∆STD1) and the remaining proportion (βLTD = 1 − βSTD) will boost the long-term
debt account (∆LTDn) in the following periods.
Budg = βCCE .CCE0 + Loan ; βCCE ∈ (0, 1) (5.12)
∆STD1 = (1 + α)βSTD.Loan ; ∆STDn = 0 ;∀n 6= 1 (5.13)
∆LTDn = (1 + α)
n.(1− βSTD).Loan ;∀n (5.14)
The investment money in physical assets at time zero (FAI0) is determined by the cost
of buying a land, buildings, machinery, vehicles and installations in predetermined factories,
newly established DCs, and markets opened due to the presence of new products. Equation
(5.15) introduces this account which is limited to the budget calculated in Equation (5.12) and
restricted to the constraint (5.56). The remaining budget should be returned to the available
cash account illustrated in Equation (5.16). This amount is subtracted from every cash
accounts in the following periods as a consequence of the new SCN structure. Companies
possess some assets in cash or in a form that could be instantly converted to cash; these
are called cash and cash equivalents (CCE), and are represented on their balance sheets
as line items. Bank accounts, commercial paper, marketable securities, three-month or less
short-term government finances and treasury bills are some samples of CCEs. Being liquid
and not being affected by material fluctuations, items like marketable securities are taken as
cash equivalents.
∑
p
∑
i
FFpi.Fpi +
∑
j
FC0j .Cj +
∑
k
FM0k = FAI0 (5.15)
∆CCEn = (1 + α)
n(Loan− FAI0 − βCCE .CCE0) ;∀n (5.16)
Equation (5.17) reflects the depreciation cost of each new DC j and new market k in
time period n. Deliberating on the calculation of depreciation cost, it’s essential to define
the useful life of the asset (Mj for the new DC j and Mk for the new market k). In other
words, we depreciate the value of the asset over time TN . The depreciation rates depend
on the depreciation method selected in the accounting system. The straight-line method is
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a common approach (Ross et al., 2000). It assumes an estimated scrap value of the asset
at the end of its useful life ( i.e., FCMj for new DCs or FM
M
k for new markets) and subtracts
them from their original cost (i.e., FC0j for new DCs or FM
0
k for new markets). These results
are then divided by the organisers’ estimate of the asset’s number of useful years. In this
method, the company spends the same value of depreciation in each period. [Mj − n]+
returns 1 if Mj > n and zero otherwise.
∆DPRn =
∑
j
FC0j − FCMj
Mj
× [Mj − n]+ + (5.17)
∑
k
FM0k − FMMk
Mk
× [Mk − n]+ ; ∀n
Since tax, interest, depreciation, or any other expenses to be paid in the next period are
reported as payable values in the current liability account. In order to avoid more complexity
in the FPI Model we assume that these expenses are paid regularly at the end of the relevant
period.
Equation (5.18) computes EBITDA for new products in the new SCN structure. The main
part of EBITDA of new products is net sales (∆NSn), which includes the stochastic process
of demand in markets. The cost of goods sold (COGS) for new products (∆COGSn) is
a recognised measure that demonstrates the direct costs incurred in producing new prod-
ucts sold during each period. Selling, general and administrative (SGA) expenses for new
products (∆SGAn) appear on the income statement simply as operating expenses in each
period. The SGA account is recognised as a periodic cost, and in contrast to the COGS, is
not assigned to the products’ costs.
∆EBITDAn = ∆NSn −∆COGSn −∆SGAn ∀n (5.18)
The main contributors in the COGS in every period (∆COGSn) are production costs
(∆PCn), inventory costs (∆ICn), and transportation cos ts (∆TCn) which are defined in
Equations (5.19) to (5.22).
∆COGSn = ∆PCn + ∆ICn + ∆TCn ;∀n (5.19)
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∆PCn =
∑
p
∑
i
PCpi.Ppin ;∀n (5.20)
∆ICn =
∑
p
∑
i
ICpi.
Ipin + Ipi(n−1)
2
+
∑
p
∑
j
ICpj
Ipjn + Ipj(n−1)
2
+
∑
p
∑
j′
ICpj′
Ipj′n + Ipj′(n−1)
2
;∀n (5.21)
∆TCn =
∑
p
∑
i
∑
j
TCpij .Qpijn +
∑
p
∑
i
∑
j′
TCpij′ .Qpij′n+
+
∑
p
∑
j
∑
k
TCpjk.Qpjkn +
∑
p
∑
j′
∑
k
TCpj′k.Qpj′kn ; ∀n (5.22)
Modelling stochastic demand and price
Net sales of new products formulated in Equation (5.23) depend on the demand and price
of new products as well as the quantities delivered to the relevant markets at time Tn. Equa-
tion (5.23) demonstrates the expectation value E of the net sales in each period under the
probability P. The compounded annual interest rate r = ln(1 + α) is applied, as well as the
discrete annual rate α according to the equation. We transfer the hereafter values in a con-
tinuous time horizon t through the rate of r to the beginning of each time period Tn and then
transfer each of these values to the present time through the rate α. By means of defining
Qpkn :=
∑
j
Qpjkn +
∑
j′
Qpj′kn, as the total quantity of new product p delivered to market k in
period n, we gain Equation (5.24) which can be converted to Equation (5.25).
∆NSn =
∑
p,k
E
Vpkn min(∑
j
Qpjkn +
∑
j′
Qpj′kn, Dpkn) exp(−rT )
∣∣∣∣FT
 1
(1 + α)n−1
;∀n
(5.23)
Vpkn min(
∑
j
Qpjkn, Dpkn) :=Vpkn min(Qpkn, Dpkn) = VpknQpkn + Vpkn min(0, Dpkn −Qpkn)
(5.24)
=VpknQpkn − Vpkn max(Qpkn −Dpkn, 0) ;∀p, k, n (5.25)
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Proposition Vpkn max(Qpkn − Dpkn, 0) at time Tn−1 is similar to a quantity adjusted (or
quanto) European put option maturing at time Tn, with a strike price of Qpkn. In quantitative
finance, several models can be found regarding the stochastic processes of options (Cuc-
chiella and Gastaldi, 2006). We utilize the model used in Jahani et al. (2018) for redesigning
SCN, aiming at computing these series of n options. They consider demand and price as
two correlated GBMs. In comparison with the employment of real options in their study, we
assume that the shortage cost and salvage value of new products are negligible or zero in
our FPI model.
In contrast with a risk-neutral measure, a complete probability space (Ω,F ,P) is consid-
ered regarding the GBM processes, where P is the real-world probability measure. The finite
planning time horizon [0, TN ] is the time index set of the economy, and α > 0 is the constant
yearly compounded continuous interest rate on a bank account Bt, accordingly dBt = rdt.
Dufresne (2004) confirms that GBM processes (V := (Vt)Tn−1≤t≤Tn as the price process
and D := (Dt)Tn−1≤t≤Tn as the demand process) are log-normally distributed random vari-
ables. Moreover, µD and µV are the percentage drift expected in each period. σD and σV
are the volatility expected in the demand and prices, respectively. ρ ∈ (−1, 1) is the corre-
lation coefficient of these two GBMs. For instance, Figure 5.1 illustrates how the historical
data on the daily (t = 1) demand and price of a product can interact during a year (T = 1).
The values shown in the box demonstrate the main parameters of the trends if we assume
these two processes as two correlated GBM functions. In each period of time (Tn), we need
the starting point of the processes (Dpk(n−1) and Vpk(n−1)), which can be calculated from the
ending point of the previous period.
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FIGURE 5.1: The processes of a product’s demand and price during a year
Jahani et al. (2018) also define µ1 :=
(
µD − 12σ2D
)
T ; µ2 :=
(
µV − 12σ2V
)
T ; σ21 := σ
2
DT ;
σ22 := σ
2
V T and ρ12 := ρT aiming at computing the Equation (5.25) as follows:
E [Vpkn max(Qpkn −Dpkn, 0)] = −Vpk(n−1)Dpk(n−1)
× exp
(
(ρ12σ2 − σ1)2 + (σ2 − ρ12σ2)2 − 2ρ12(ρ12σ2 − σ1)(σ2 − ρ12σ1)
2(1− ρ212)
)
× Φ
 ln( QpknDpk(n−1) )− ρ12σ1σ2 + σ21
σ1

+ Vpk(n−1)Qpkn exp(µ2 +
1
2
)Φ
 ln( QpknDpk(n−1) )− ρ12σ1σ2
σ1
 ;∀p, k, n (5.26)
Linearisation method
Among Equations (5.1) to (5.26) formulated for the objective function of the FPI model,
two series of normal cumulative distribution functions (CDFs) created in Equation (5.26)
make the model nonlinear. The second CDF series has also been multiplied by variables
Qpkn for each product p in market k during period n. We consider this multiplication as
the second nonlinear term to be linearised. Baghalian et al. (2013) deploy a piece-wise
linear transformation method to substitute a similar nonlinear function with some distinct
linear equations. We follow a similar linearisation method to convert the CDFs to the below
formulation. Figure 4.7 shows examples of the CDF approximations by linearisation.
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Φ
 ln( QpknDpk(n−1) )− ρ12σ1σ2 + σ21
σ1
 = ∑
l1
(
ml1pkn(
Ql1pkn
Dpk(n−1)
) + bl1pknYl1pkn
)
;∀p, k, n
(5.27)
QpknΦ
 ln( QpknDpk(n−1) )− ρ12σ1σ2
σ1
 = Dpk(n−1) QpkTnDpk(n−1)Φ
 ln( QpknDpk(n−1) )− ρ12σ1σ2
σ1
 ;∀p, k, n
(5.28)
= Dpk(n−1)
∑
l2
(
ml2pkn(
Ql2pkn
Dpk(n−1)
) + bl2pknYl2pkn
)
=
∑
l2
(
ml2pknQl2pkn + bl2pknDpk(n−1)Yl2pkn
)
let a1 = exp
(
(ρ12σ2−σ1)2−(σ2−ρ12σ2)2−2ρ12(ρ12σ2−σ1)(σ2−ρ12σ1)
2(1−ρ212)
)
and a2 = exp(µ2 + 12) be the
costant values, then net sales of new products can be calculated as:
∆NSn =
∑
p
∑
k
(
VpknQpkn + a1Vpk(n−1)
∑
l1
(ml1pknQl1pkn + bl1pknDpk(n−1)Yl1pkTn)
− a2Vpk(n−1)
∑
l2
(ml2pknQl2pkn + bl2pknDpk(n−1)Yl2pkn)
)( exp(−rT )
(1 + α)n−1
)
; ∀n
(5.29)
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5.2.2 Constraints of the FPI model
For the first and the second nonlinear series shown in Equations (5.27) and (5.28), we define
a set of l1 and l2 number of lines, respectively. Regarding the equation of each line, a specific
intercept and slope characterised by mlpkn and blpkn are delineated. Every line has lower
and upper bounds characterised by lower and upper variables. Binary variables Yl1pkn or
Yl2pkn determine which line has been selected in the optimised model. Each line reflects the
correspondent optimal Qpkn. A detailed nomenclature of these linearisation variables and
parameters is presented in B.4. The associated formulation follows as:
∑
l1
Ql1pkn =
∑
l2
Ql2pkn = Qpkn ∀p, k, n (5.30)
∑
l1
Ylepkn =
∑
l2
Ylepkn = 1 ∀p, k, n (5.31)
Ql1pkn 6 upperl1pknDpk(n−1)Yl1pkn ∀l1, p, k, n (5.32)
Ql2pkn 6 upperl2pknDpk(n−1)Yl2pkn ∀l2, p, k, n (5.33)
lowerl1pknDpk(n−1)Yl1pkn 6 Ql1pkn ∀l1, p, k, n (5.34)
lowerl2pknDpk(n−1)Yl2pkn 6 Ql2pkn ∀l2, p, k, n (5.35)
Equation (5.30) and (5.31) indicate that only one line must be selected and the corre-
sponding variable Ql1pkn or Ql2pkn in the selected line must be equal to the main variable
Qpkn. The boundaries of the piecewise lines are defined by Equations (5.32) to (5.35), and
of these equations must be added to the constraints of the optimisation model.
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Operational constraints
Herein, limitations related to the new SCN structure are introduced, considering all of the
flows of material needed to satisfy new products’ demands and the capacity of facilities.
Constraints (5.36) and (5.37) limit the production and inventory quantity of each new prod-
uct during every period to a relevant manufacturing and inventory capacity in the factory
planning to produce the new product.
Ppin 6 Pmaxpi .Fpi ; ∀p, i, n (5.36)
Ipin 6 Imaxpi .Fpi ; ∀p, i, n (5.37)
Constraint (5.38) ensures that if a factory does not produce a new product, the trans-
portation quantity of this new product to all new or existing DCs should be zero.
∑
j
∑
n
Qpijn +
∑
j′
∑
n
Qpij′n 6M.Fpi ; ∀p, i (5.38)
In every SCN structure, there are some feasible routes between facilities. Constraints
(5.39) to (5.42) assure that there are no transported quantities for the new products if the
related route does not exist.
∑
p
∑
n
Qpij′n 6M.Xij′ ;∀i, j′ (5.39)
∑
p
∑
n
Qpijn 6M.Xij ;∀i, j (5.40)
∑
p
∑
n
Qpj′kn 6M.Xj′k ; ∀j′, k (5.41)
∑
p
∑
n
Qpjkn 6M.Xjk ;∀j, k (5.42)
Constraint (5.43) prevents factories from forwarding any new products to a non-established
DC or from the DC to any connected market.
∑
p
∑
i
∑
n
Qpijn +
∑
p
∑
k
∑
n
Qpjkn 6M.Cj ; ∀j (5.43)
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∑
p
∑
i
∑
n
Qpij′n +
∑
p
∑
k
∑
n
Qpj′kn 6M.Cj′ ; ∀j′ (5.44)
The total inventory capacity of an existing DC is limited by constraint (5.45), and similarly,
regarding a new DC, it is controlled by constraint (5.46). Coefficient λp reflects the relevant
volume of each unit of new product p.
∑
p
λp.Ipj′n 6 DCmaxj′ .Cj′ ; ∀j′, n (5.45)
∑
p
λp.Ipjn 6 DCmaxj .Cj ;∀j, n (5.46)
In accordance to constraints (5.47) to 5.49, the quantity inflows and outflows of every
given new product in every factory and DC during each period are balanced.
Ipin = Ipi(n−1) + Ppin −
∑
j
Qpijn −
∑
j′
Qpij′n ;∀p, i, n (5.47)
Ipjn = Ipj(n−1) +
∑
i
Qpijn −
∑
k
Qpjkn ; ∀p, j, n (5.48)
Ipj′n = Ipj′(n−1) +
∑
i
Qpij′n −
∑
k
Qpj′kn ; ∀p, j′, n (5.49)
As a result of feasibility of logistics costs, a lower limitation can be applied for any quantity
to be transmitted between the tiers.
Qminij′ .Cj′ 6
∑
p
Qpij′n ;∀i, j′, n (5.50)
Qminij .Cj 6
∑
p
Qpijn ;∀i, j, n (5.51)
Qminj′k .Cj′ 6
∑
p
Qpj′kn ;∀j′, k, n (5.52)
Qminjk .Cj 6
∑
p
Qpjkn ;∀j, k, n (5.53)
Finally, Equations (5.54) and (5.55) define constraints for the domain of all decision vari-
ables.
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Ppin, Ipin, Ipj′n, Ipjn, Qpij′n, Qpijn, Qpj′kn, Qpjkn ≥ 0 ; ∀p, i, j′, j, k, n (5.54)
Cj′ , Cj , Yl1pkn, Yl2pkn ∈ (0, 1) ;∀j′, j, l1, l2, p, k, n (5.55)
Financial constraints
The main concern in financial aspects of the new design is scheduling monetary resources
and costs in the company’s accounting system. Regarding the costs, every project has
variable and fixed costs, and we covered the variable costs in Equations (5.19) to (5.22).
In consideration of fixed costs, the company invests FAI0, which should be less than the
budget at hand:
FAI0 ≤ Budg (5.56)
Constraint (5.57), the balance sheet equation, is the main part of every AIS and as-
sures that total equity calculated in Equation (5.2), in addition to the company’s total assets
(∆TAn), will cover the company’s total liabilities (∆TLn) in every period. Equation (5.58)
affirms that the total liabilities account is reported in two main sub-accounts: current liabil-
ities (∆CLn) and long-term liabilities (∆LTDn defined in Equation (5.14)). Equation (5.59)
defines the current liabilities account, which includes accounts payable (∆APn), short-term
debt (∆STDn defined in Equation (5.13)), and other current liabilities (∆OCLn).
As stated in Equation (5.60), a total assets account includes current assets (∆CAn),
and fixed assets (∆FAn), and intangible assets (∆IAn), subtracting accumulated depreci-
ation in the balance sheet. The duality principle works to depreciate the cost over every
facility’s useful life (calculated in Equation (5.17)) and report it in the balance sheet as the
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accumulated depreciation cost.
∆TEn + ∆TLn = ∆TAn ;∀n (5.57)
∆TLn = ∆CLn + ∆LTDn ;∀n (5.58)
∆CLn = ∆APn + ∆STDn + ∆OCLn ;∀n (5.59)
∆TAn = ∆CAn + ∆FAn + ∆IAn −
n∑
e=1
∆DPRe ;∀n (5.60)
The fixed assets account is defined as a component with a useful life greater than one
period and not purchased with the intent of instant resale. Since the FPI model makes the
establishment of new facilities necessary at the beginning of the new design by spending
the investment capital FAI0, constraint (5.61) ensures that fixed assets in every period will
increase by this money transferred to the corresponding period.
∆FAn = exp(rT )(1 + α)
(n−1).FAI0 ;∀n (5.61)
Assets that can be reasonably expected to be converted into cash within one year are
represented in the balance sheet accounts as current assets, which include cash and cash
equivalents ∆CCEn, accounts receivable ∆ARn, inventory valuation ∆IVn, and other liquid
assets ∆OLAn.
∆CAn = ∆CCEn + ∆ARn + ∆IVn + ∆OLAn ;∀n (5.62)
Inventory valuation (IV) is the final inventory cost of a business over a reporting period.
The IV is shown in the balance sheet as a current asset. The reason it is important to keep
accurate financial track of inventories is that they are generally the largest current asset of
entities. Improper or even poor decisions may be made if inappropriate inventory measure-
ment causes unbalanced incomes and costs to the company. A conservative method exists
in inventory reporting, known as lower of cost or market (LCM or LOCOM), in which any
inventory value drops related to the non-material is considered in the ”COGS” account, and
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the material-related ones in the ”loss on the reduction of inventory to LCM” account.
∆IVn =
∑
p
LCMpn(
∑
i
Ipin +
∑
j
Ipjn +
∑
j′
Ipj′n) ;∀n (5.63)
According to Equation (5.64), which aims to find the LCM of any product, we calculate
the unit COGS regarding the product p in any period, and then compare this unit cost as the
historical cost with the average value of the product in all markets which have had non-zero
demand. As the unit cost of goods sold (i.e. COGSpn∑
k
Qpkn
) will impose another nonlinear term to
the constraints, we estimate these values by the parameter UCpn.
LCMpn = min{
∑
k
GCpkn
K
,
∑
k
Vpkn
K
; k ∈ K{Dpkn 6= 0}} ;∀n (5.64)
Equation (5.65) applies the duality principle on NOPAT as the source of wealth and cash
and cash equivalent (∆CCEn), and accounts receivable (∆ARn) as the destination of said
wealth.
∆NOPATn = ∆CCEn + ∆ARn ; ∀n (5.65)
To sum up, the FPI model can be rewritten as the maximisation of objective function∑
n
TEn subject to constraints (5.2) to (5.22) and (5.29) to (5.65) as the domain of decision
variables.
5.3 Case study
We contextualise the proposed FPI model adopting a hypothetical example from the Aus-
tralian cement industry. SCN operational data are provided from the study of Jahani et
al. (2018). Company financial data is sourced from Australian Securities Exchange (ASX),
which has disclosed data for a similar company (Exchange, 2018). The network includes
a set of facilities established in different cities of Australia. Figure 5.3 illustrates the num-
ber and location of facilities across the country, as well as the feasible routes between the
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tiers. The circles with the same inside numbers demonstrate the corresponding geographi-
cal areas on the map. The main parameters of the annual process of demand and price are
determined by investigating the trends of cement demand and price in Australia during the
past 20 years, and can be specified as µD = 0.055 , µV = 0.04 , σD = 0.035 , σV = 0.025
and ρ12 = 0.19.
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FIGURE 5.3: Case Study: The Australian cement SCN company
The company has planned to borrow an AU$15m business expansion loan and accepted
a repayment of 20% of the loan within 12 months (βSTD = 0.2) and 80% within 20 years
(βLTD = 0.8). The budgeted common size income statement2 and balance sheet3 of the
company are shown in Tables B.3 and B.4 of B.4, respectively. The short-term and long-
term interest rates are calculated as 2.4% and 2.8% accordingly for each time period. The
usual life of every new DC is reported to be 25 years, and for every new market is assumed
to be 20 years. The company tax should be paid at a rate of 30% of taxable income annually.
The problem includes finding the optimal values for the new structure of the company, the
amount of cash and loan required as a budget of the new design, and the optimal financial
position of the company after the new design.
2A common size income statement is an income statement in which each account is calculated
as a proportion of net sales. Besides the percentages, the actual values may be reported. The aim
of reporting this arrangement is examining changes in the proportions from period to period (Ross
et al., 2000).
3A common size balance sheet reports the percentage of the total assets for each asset account
and the percentage of total liabilities and shareholders’ equity for each liability or shareholders’ equity
account (Ross et al., 2000).
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5.3.1 Results and discussion
The case study model was solved by the ILOG CPLEX 12.6.2 commercial solver incorpo-
rated in Python 2.7 software. The FPI model contained 1,936 constraints, 1,903 continuous
variables, and 549 binary variables. The solution was acquired at 15 CPU seconds with 0%
integrality gap by employing an Intel(R) Core(TM) i5 computer with 5300 CPU @ 2.3GHz,
and 8.00 GB RAM.
The optimal network illustrated in Figure 5.4 necessitates establishment of three new
DCs (j1, j2, j3) and employing the extra capacity of two existing DCs (j′3, j′5). The network
also determines which factory should produce any of the new products. P1 and P2 deter-
mines the total production of each factory during all five time periods (i.e.
∑
n
Ppin ;∀p, i).
Besides the second factory, which is not intended to be equipped and produce p2, the
FPI model proposes not to equip the first factory for producing p1. The values of Q1
and Q2 shown alongside any DC are the quantities of products p1 and p2, respectively,
received in the existing DC (i.e.
∑
n
∑
i
Qpij′n ; ∀p, j′) or the newly established DC (i.e.∑
n
∑
i
Qpijn ; ∀p, j). A similar definition for Q1 and Q2 shown alongside any market speci-
fies the quantities supplied the market by any of the existing or new DCs (i.e.
∑
n
∑
j
Qpjkn +∑
n
∑
j′
Qpj′kn ; ∀p, k). D1 and D2 assign the total amount of initial demands for according p1
and p2 at the beginning of all time periods (i.e.
∑
n
Dpk(n−1) ; ∀p, k).
The supply and demand balances in markets with potential demand demonstrate that
these markets are being served with both the nearest existing DCs and the nearest, most
feasible new DCs. For instance, new market Sydney (k3) is served only by the extra capacity
of the existing DC in the city (j′3), however, the new market Melbourne (k5) is served by both
the empty capacity of the existing DC in Adelaide (j′5) and the newly established DC in
Melbourne (j3). This market supply affirms that the FPI model can utilise the empty capacity
of the existing DCs efficiently. For the new market Melbourne, instead of employing the
city’s existing DC (which does not have any empty capacity), the FPI model uses the extra
capacity of the DC in Adelaide. The difference between the values of supply (Q1 or Q2) and
the corresponding total initial demands (D1 or D2) in markets in which Q ≥ D reflects the
uncertain situation of the market which was formulated by the GBM processes. For instance,
in market Sydney, the total initial demand of D1=187,595 tons for new product p1 has been
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met with a greater total supply of Q1=189,632 tons. The positive trend of demand processes,
which is a reflection of positive µD and σD, justifies this inequality (see Figure 5.1). We can
explicitly state that the total demand of the markets in which Q ≥ D is completely covered
by the total supply.
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FIGURE 5.4: Case Study: New Optimal SCN Structure
The main estimated optimal income statement and balance sheet of the company are
reported in Tables 5.1 and 5.2, respectively. The comparison of the common-size statements
before and after the new design (i.e. Table B.3 or Table B.4 with the corresponding Table
5.1 or Table 5.2) elucidate the changes of the accounts during the time periods when new
products are introduced to the markets. As can be seen, almost all values are increased after
the new design is introduced, except for the dividends and revaluation surplus accounts.
This is more evident as the dividends are decreased to provide enough money to pay for the
resultant installments. Table B.4 demonstrates that managers have planned to revalue the
fixed assets in the third time period of the new design, and this revaluation influences the
following accounts in the later periods. Since the surplus can be considered once every three
to five years, the FPI model can accept and change the financial position of the company
after the new design.
The last column of the tables calculates the NPV of each account during the planning
time horizon. Figure 5.5 exposes the difference between the NPVs before and after applying
the FPI model. Figure 5.5a illustrates that the new product’s plan is generally influential to
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TABLE 5.1: Case Study: Common Size Income Statement - Estimated at the
Beginning of Time Horizon for the New Structure of the Company Including New
Products (AU$m)
Time period T1 T2 T3 T4 T5 NPV
Net sales 1,502.4 1,551 1,584.1 1,628.1 1,671.6 7,365.4
Selling, general and administrative expenses 220.5 226 231.7 237.5 243.4 1,075.7
Cost of goods sold 944.2 969 994.1 1,019.2 1,046.4 4,614.8
Earnings before interest, tax, depreciation and amortisation(EBITDA) 337.7 355.9 358.3 371.5 381.8 1,674.9
Amortisation - - - - - -
Earnings before interest, tax and depreciation(EBITD) 337.7 355.9 358.3 371.5 381.8 1,674.9
Depreciation 47.2 47.2 47.2 47.2 47.2 219.3
Earnings before interest and tax(EBIT) 290.5 308.8 311.1 324.4 334.6 1,455.9
Interest payments 13.7 14.6 15 15.5 15.9 69.3
Earnings before tax(EBT) 276.8 294.2 296.1 308.9 318.8 1,386.7
Tax 74.5 79.2 79.2 82.4 84.8 371.2
Net operating profit after tax(NOPAT) 202.3 215 216.9 226.5 234 1,015.4
Dividends 120.8 116.4 106.3 94.6 140.5 537.2
Addition to retained earnings 81.4 98.6 110.6 131.9 93.5 478.1
the net sales and COGS accounts, which are more desirable objectives in the SCND op-
timisation models (Govindan et al., 2017). The other dominant field is SGA expenses, a
field which is mostly ignored in the models. The outstanding changes in the SGA account
prove that a new product launch plan must take periodic SGA costs into consideration (e.g.
advertising, sales commissions, and salaries excluding those related to the COGS), in addi-
tion to sales/volume-driven expenses. Figure 5.5 also gives a hint to managers to carefully
determine the objective of the new design, since the other perceptions of profit (i.e. EBITD,
EBIT, EBT and NOPAT) show remarkable changes in NPVs. Based on the changes in tax,
interest expenses, and depreciation accounts in NPVs, each of these financial performances
can promote the profitability of the company and be utilised in encouraging stockholders to
invest in the new design.
Breaking down the balance sheet reveals the important changes of NPVs. Figure 5.5b
demonstrates that after applying the FPI model, fixed assets, which particularly deliberate
the cost of setting up new facilities in the new structure, will be transformed more than the
other accounts of the balance sheet. Moreover, financing the new design principally boosts
the accounts payable and long-term debt accounts and can be clearly seen in the significant
values of Figure 5.5b. Inventory value is another missing component in the SCND models
(Longinidis and Georgiadis, 2014) which is highlighted in our FPI model by the considerable
change in the NPV of this account.
We further examine the effect of project financing by running the FPI model with several
values of Loan. As shown in Figure 5.6, once the loan is boosted, the budget is increased
accordingly; however, there is an optimal value for the loan (i.e. AU$17.5m) which results in
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TABLE 5.2: Case Study: Common Size Balance sheet - Budgeted at the Be-
ginning of Time Horizon for the New Structure of the Company Including New
Products (AU$m)
Time period T1 T2 T3 T4 T5 NPV
Assets
Cash and cash equivalents 11.8 12.1 12.5 12.9 13.3 58.1
Accounts receivable 218.9 229.7 229.7 237.1 242.5 1,074.6
Inventories value 168.3 168.1 178.4 185.6 197.2 832.3
Other liquid assets 3.9 4.0 4.0 4.1 4.2 18.8
Total current assets 402.8 413.9 424.6 439.7 457.1 1,983.6
Fixed assets 1,095.3 1,117.3 1,139.8 1,162.7 1,186.1 5,292.2
Intangible assets 432.3 440.9 449.7 458.7 467.9 2,088.1
Less: Accumulated depreciation 35.4 36.5 37.5 38.6 39.8 174.2
Total current assets 1,895.0 1,935.7 1,976.6 2,022.6 2,071.4 9,189.9
Liabilities and shareholders’ equity
Accounts payable 143.2 146.1 149.0 152.0 155.0 691.8
Short-term debt 51.6 49.6 50.6 51.6 52.7 237.9
Other current liabilities 4.0 4.1 4.2 4.3 4.4 19.5
Total current liabilities 198.8 199.8 203.8 207.9 212.0 949.1
Long-term debt 450.9 451.2 451.5 451.8 452.2 2,097.6
Total Liabilities 649.7 651.0 655.3 659.7 664.2 3,046.7
Contributed capital 764.7 803.1 812.4 881.9 922.2 3,878.9
Retained earnings 480.6 481.5 479.1 481.0 485.0 2,236.5
Revaluation surplus 0.0 0.0 29.8 0.0 0.0 27.7
Total equity 1,245.3 1,284.7 1,321.3 1,362.8 1,407.2 6,143.1
Total liabilities and equity 1,895.0 1,935.7 1,976.6 2,022.6 2,071.4 9,189.9
the maximum value for the objective function or the total equity gained from the FPI model.
Since the required budget relies primarily on the new design’s cash flow for repayment (i.e.
CCE account), the proportion of the loan in the budget shown as pie charts for each loan
amount is investigated. The pie charts of Figure 5.6 introduce the best proportion: cash as
39% and loan as 61% of the required budget.
5.3.2 FPI model evaluation
Avoiding the problem of comparing companies with those of different sizes, managers calcu-
late and compare financial ratios in every future plan (Ross et al., 2000). Table 5.3 demon-
strates some commonly used financial ratios computed by the result of our proposed FPI
model; i.e. Table 5.1 and Table 5.2. As we used real operational and financial data for the
case study company, we evaluate the FPI model by comparing the resultant ratios with the
real ratios reported in the cement company listed in ASX (Exchange, 2018). As can be seen
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FIGURE 5.6: Case Study: The Proper Loan Required in the SCND Plan (AU$m)
in Table 5.3, the ratios calculated in every time period are similar to the real ratios labelled
”Benchmark” in the table. This similarity also affirms that the ratios are meaningful and rea-
sonable data which can be used to follow up during the implementation of the new design.
For instance, the company can follow the values of the ratio R1, called liquidity ratio, in each
time period to provide information about the company’s short-term solvency. The value of
197.9% suggests that the company needs to cover its current liabilities almost two times
over its current assets to ensure the payment of the installments of the new loan or other
previous bills over the short term without undue stress.
The ratio R2, called quick ratio, is computed just like the liquidity ratio, but in comparison,
it helps the company inspect the inventory as a liquid asset. The value of 114.5% recom-
mends that the company can rely on a reasonable value of inventory to pay its short-term
liabilities (in values, we can say 197.9-114.5=83.4% of the current liabilities account). Inven-
tory turnover can be proposed by the ratio R3, which introduces an aim for each period to
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sell off or turn over the entire inventory of every facility. For instance, the value 556% for the
first time period suggests that the managers should turn over each inventory 5.6 times in the
first year.
The ratio D1 tells the managers that total inventory should sit less than 65 days, on
average, in every time period before it is sold. This value can be targeted as the day’s
products in inventory for every inventory facility in factories or the existing/new DCs of the
network. The ratio D2 can also introduce a target for the day’s sales in receivables. For
instance, the value of 52.2 for the fifth time period instructs the company to collect on its
credit sales in less than 52 days during this time period.
The R4, R5, R6, and R9 to R15 rows are the ratios containing the perceptions of profit,
called profitability ratios. Among these financial profitability performances, the ratios R13,
R14, and R15 refer to return on investment (ROI), return on assets (ROA), and return on
equity (ROE) measures, respectively. These main measures are more applicable in demon-
strating how profitable an SCN’s assets or equities are in generating income for the com-
pany. The relevant values calculated in the table regarding each measure can be used as
the targets for each year.
TABLE 5.3: Case Study: Evaluation of the FPI Model by Ratio Analysis and
Benchmark with a Real Company
Name Sense Statement* Formula Unit Benchmark T1 T2 T3 T4 T5
R1 ≥ Bal. CAn/CLn % 226.2 197.9 197.9 197.9 197.9 197.9
R2 ≥ Bal. (CAn − IVn)/CLn % 130.9 114.5 114.5 114.5 114.5 114.5
R3 ≥ Inc. & Bal. COGSn/IVn % 552.9 555.6 558.4 561.1 563.9 566.6
D1 ≤ Inc. & Bal. 365 ∗ IVn/COGSn Days 66.0 65.7 65.4 65.0 64.7 64.4
R4 ≥ Inc. & Bal. NSn/ARn % 682.4 685.7 689.1 692.5 695.9 699.3
D2 ≤ Inc. & Bal. 365 ∗ ARn/NSn Days 53.5 53.2 53.0 52.7 52.5 52.2
R5 ≥ Inc. & Bal. NSn/TAn % 76.9 77.2 77.6 78.0 78.4 78.8
R6 ≥ Inc. & Bal. NSn/FAn % 133.3 133.3 134.0 134.6 135.3 136.0
R7 ≤ Bal. TLn/TAn % 33.4 34.2 33.8 33.3 32.9 32.4
R8 ≤ Bal. TLn/TEn % 50.1 52.0 51.9 51.8 51.7 51.6
R9 ≥ Inc. EBITDAn/IPn % 2418.5 2271.4 2271.4 2271.4 2271.4 2271.4
R10 ≥ Inc. (NSn − COGSn)/NSn % 36.6 36.6 36.6 36.6 36.6 36.6
R11 ≥ Inc. EBITn/NSn % 19.2 17.9 18.0 18.0 18.1 18.2
R12 ≥ Inc. NOPATn/NSn % 13.3 12.5 12.5 12.6 12.7 12.8
R13 ≥ Inc. & Bal. EBITn/TAn % 14.7 13.8 13.9 14.1 14.2 14.3
R14 ≥ Inc. & Bal. NOPATn/TAn % 10.2 9.6 9.7 9.8 9.9 10.1
R15 ≥ Inc. & Bal. NOPATn/TEn % 15.4 14.6 15.0 15.3 15.7 16.0
Bal. stands for balance sheet and Inc. stands for income statement
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5.3.3 Financial performance vs. profit maximisation
Deliberating on the consideration of financial performance instead of profit as a target of
the FPI model, we designed two other models with different objective functions and con-
straints (introduced in Table 5.4), and compare the models with our first proposed model.
The second model shown in the table contains the same constraints as the first one, but
with a different objective function - NOPAT, rather than total equity. NOPAT is an accurate
and precise measurement of profitability, as it uses only after-tax operating income and is
known as a gauge for all investors and shareholders. Although the first and the second
models suggest the same network, the factories’ production, facilities’ inventory, and flow of
new products between tiers are absolutely different in the networks. This can be perceived
even from the different values of ∆PCn, ∆ICn, and ∆TCn in the models during time pe-
riods. Investigation of the flows demonstrates that the company would produce less in the
factories and would stock more in its inventories if it ran the second model. By this lower
level of flows, the demand of new markets is served with a lower level of supply. For in-
stance, in new market Melbourne (k5), which can be completely supported by the flows of
the fist model (see Figure 5.4), the supply cannot cover the demand during the planning time
horizon. The comparison of NPVs between the two models regarding the ∆NOPATn and
∆TEn accounts illustrates that each model can increase the account corresponding to its
objective function. This means that when managers aim to improve NOPAT as the financial
performance of the SCN, they can select this account as the objective function, rather than
total equity. In general, we can say that if an SCN company is not under pressure of supply-
ing all demands, managers can maximise each perception of profitability, such as EBITDA,
with the corresponding constraints. In this situation, even if the uncertain demand of new
products is faced with a lower level of supply, managers can improve the defined profitability
measure of the company more efficiently.
The third model defines profit as the objective function by subtracting only the total COGS
account from the total net sales - the same definition as most of the papers in SCND literature
(Farahani et al., 2014). Comparison of the first and second models with this model confirms
that profit maximisation cannot suggest a fully optimal network. As can be seen in the last
row of Table 5.4, although the flow of the network covers the demand of all new markets,
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TABLE 5.4: Case study: Financial Performance vs. Profit maximisation (AU$m)
Target Model(Max) Network Account T1 T2 T3 T4 T5 NPV
Total
Equity
∑
n
TEn
s.t. eqs:
(5.2) to (5.22)
&
(5.29) to (5.65)
1
2
3
1
2
3
4
5
1
2
3
4
1
2
4
6
7
8
9
5
3
∆PCn 19.5 19.8 22.0 21.9 23.4 98.8
∆ICn 0.6 0.8 0.9 1.9 3.0 6.6
∆TCn 16.1 17.8 17.3 17.6 17.9 80.5
∆COGSn 36 38 40 41 44 185.9
∆NSn 71.3 84.1 80.6 87.0 92.0 384.6
∆NOPATn 10.2 17.0 12.8 16.1 17.2 67.8
∆TEn 2.1 7.9 10.2 16.7 25.4 56.6
NOPAT
∑
n
TEn
s.t. eqs:
(5.2) to (5.22)
&
(5.29) to (5.65)
1
2
3
1
2
3
4
5
1
2
3
4
1
2
4
6
7
8
9
5
3
∆PCn 19.2 19.7 21.0 20.6 25.1 97.8
∆ICn 0.6 0.7 0.9 2.1 2.7 6.4
∆TCn 15.7 17.9 16.0 18.3 18.8 80.4
∆COGSn 36 38 38 41 47 184.6
∆NSn 70.0 84.3 76.0 82.8 103.6 385.7
∆NOPATn 9.9 17.1 11.3 13.4 23.7 69.5
∆TEn 1.8 7.7 8.4 12.3 27.5 52.3
Profit
∑
n
(NSn −
COGSn)
s.t. eqs:
(5.15) &
(5.19) to (5.22) &
(5.29) to (5.65)
1
2
3
1
2
3
4
5
1
2
3
4
1
2
4
6
7
8
9
5
3
∆PCn 21.7 17.2 21.7 19.9 21.7 94.9
∆ICn 4.8 6.6 5.4 5.1 1.5 21.9
∆TCn 22.5 25.0 25.4 29.5 26.8 119.7
∆COGOn 49 49 53 55 50 236.6
∆NSn 59.6 87.5 70.7 99.8 109.7 394.5
∆NOPATn - - - - - -
∆TEn - - - - - -
the model does not utilise the empty capacity of the existing DCs; it only employs the new
DCs to satisfy the demands. This means that even if the defined profit is maximised, the
configuration of the SCN would no longer be efficient. This insight can be endorsed by the
fact that the proposed network in the third model needs the establishment of a new DC j4.
This necessitates the consideration of an extra depreciation value in the income statement,
while the model has simply taken the relevant fixed cost into account.
5.4 Managerial implications
Our study provided several impressive managerial implications. First, SCND models of-
ten optimise the amount of inventories; however, our results confirmed that the inventories’
value as a current asset is as essential as the amount of inventories in modeling an SCN.
The comparison of our financial performance models with the profit-only model indicated
that considering the inventory value leads to a more realistic network design. This is sup-
ported by the FPI model financial ratios of inventory turnover and day’s sales in inventory.
In contrast to the amount of inventories which are intelligible for operational managers, the
trend of financial ratios proposed by our FPI model in future time periods would provide a
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more understandable vision of the new design for financial managers, stockholders, and
investors.
Another invaluable managerial insight is the consideration of various areas of financial
performance as the objective function. Although total equity covers all important accounts
existing in two basic financial statements, managers may contemplate any other profitability
metrics as an objective. Knowing that all these measures can be categorised into two clus-
ters - margins and return ratios (Ross et al., 2000) - the result of our study made evident
that any of the other profitability margins can be maximised in our FPI model, along with
analysing the other consequences of the FPI model on the return ratios. For instance, in
the FPI model with NOPAT as an objective function, we realised that the return ratios ROI,
ROE, and ROA had more reasonable values relative to the benchmark company. This result
states that if the company needs to justify the plan for the stockholders or creditors, it would
be more desirable to optimise NOPAT rather than total equity to show more convincing return
ratios.
Moreover, from a risk-mitigation point of view, profit or total cost optimisation models
often analyse the effect of uncertainty factors as their model’s objective function, which may
conclude misleading results in the financial reports. Our investigation of the main risk factor -
i.e. volatility of demand in all three of our proposed models - revealed that a profit-only model
cannot mitigate higher levels of uncertainty in markets. The reason can be perceived from
the extra financial accounts which exist in the limitations of the financial performance models,
especially in balance sheet constraints. The results confirmed that these main accounts of
financial reports (e.g. accounts defined by the parameters in Tables B.1 and B.2) can cover
the negative effect of demand volatility that emerge from the net sales account, whereas the
profit-only model lacks such beneficial accounts and the relevant constraints.
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Conclusions and future directions
6.1 Conclusions for the basic model
The basic model provided a novel approach to arranging a stochastic model for the redesign
of an existing SCN when new products are introduced to the market. The existing SCN has
several operational factories, existing DCs, and markets. Employing a product launch plan,
some new products are projected to be sold in some new expected and existing markets. As
a result, a new SCN structure with some new DCs is required. The model used newsvendor
concepts to prepare a predesignated service level in its markets. The geometric Brownian
motion process was used in our SCN redesign model, enabling us to quantify and use the
risk of uncertain demand and price in the markets simultaneously. The categorised and
detailed parts of total cost and revenue can improve financial analysis for SC managers.
In general, we observed that the model is able to arrange the network and the flow
of products in a way that increases revenue by more than the total cost of adding new
products to the company’s portfolio. From the uncertainty point of view, the drift and volatility
of demand/price of products have more of an effect on revenue than total cost. We also
observed that when demand and price are highly correlated (ρ ≤ −0.5 or ρ ≥ 0.5), if the
SCN company ignores the correlation factor in its SCN redesigning stage, the calculated
profit is misleading.
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6.2 Conclusions for the FPI model
Following the basic model, the FPI model proposed a detailed SCND model for a new prod-
uct launch plan and redesigned the existing structure of an SC company in order to find an
optimal new structure for transmitting new and existing products. Complying with a level of
market risk, as both financial and operational aspects of SCND models are basically related
to the demand and price of products, the model used the real-option framework introduced
in the basic model to mitigate the probable risks. It did this by considering simultaneous
uncertainties of new products’ demand and price, as well as their correlation in markets.
The model also determined the source of money to be spent in financing the project - to
what extent it was derived from available cash in the company, and how much came from a
lump-sum loan borrowed from creditors.
The FPI model prepared the common-sized financial statements of the company for
the planning time horizon by calculating the changes new products would impose to the
accounts on the statements. In general, we observed that by deliberating the financial ac-
counts in the optimisation problem, most of the strategic financial consequences of SCND
plans were covered (like depreciation expenses from the newly established facilities, com-
pany tax expenses calculated from taxable income gained from the new design, and interest
expenses paid for the money borrowed for the new design).
In the objective function viewpoint of the optimisation problem, we proposed to select
any of profitability margins (e.g. EBITDA, NOPAT, total equity) as a financial performance
of the SC company. The recommended network illustrated that an SCND model with only
profit as the target cannot conclude a wholly optimal network. We found the main reason
to be the ignoring of the major current asset - i.e. the inventory value in the assumptions of
such a model.
The ratio analysis on the results of the financial performance model evaluated the results
as reasonable relative to a similar real company’s ratios. The ratios also recommended a
target for every time period regarding various characteristics of the company’s operating and
financial performances, like its efficiency, liquidity, solvency, and profitability.
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6.3 Answering the research questions
Herein, we provide reference from our proposed models to answer the questions asked in
Section 1.3. The main research question was:
How can an existing SCN be optimally redesigned by considering financial perfor-
mance concerns?
We explicitly answered this question by designing the FPI model based on the basic
model. The FPI model utilised the existing financial accounts of an SCN company as well
as usual operational concentrations in optimising the company’s supply network. It also
introduced a new approach for all SCND problems to define financial performance measures
as the objective function of the model instead of simple profit metrics.
Responding to the first cluster of sub-questions that emerged from the main question,
i.e. those relating to the SCN redesigning stage, we refer to the decision variables of the
FPI model, which determine the new structure of the SCN compared in Table 5.4. In this
table, we responded that launching a new product can affect the structure of the SCN when
FPIs are taken as the objective functions of an SCN redesign plan. Moreover, in the new
structure, we determine how many and where new DCs are established. We also specify the
capacity of production and inventory in the solution of the proposed optimisation problem.
In the second cluster of sub-questions noted in Section 1.3, i.e. those relating to the
uncertainty/risk concerns in SCN designing, we comment on the critical literature review
reported in Table 3.1 regarding the most significant sources for SCN risks and selecting
demand and price for our models. We refer to the proposed novel real-option approach
formulated in Section 4.2.1 as an appropriate method for mitigation of demand and price
uncertainties in markets.
For the last set of sub-questions of this study, i.e. those relating to the financial perfor-
mance of a company, we denote introducing and formulating FPIs in Section 5.2.1 for our
SCN company and designating demand and price uncertainties formulated in Section 5.2.1.
By defining the new financial variables introduced in Section B.1, we determine how much
internal available cash and external borrowed loans an SCN company should use to finance
its SCN redesign project in complying with its financial structure.
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6.4 Limitations and future directions for the basic model
We introduced demand and price trends as two GBM processes which are log-normally
distributed and continuous variables; however, this can be considered a limitation of our pro-
posed model and should be contemplated in future research. Other non-normal or discrete
time-evolution processes, such as Markov chain or random walk, are worth investigating for
modeling demand and price uncertainties. In addition, the process of demand/price may
jump due to unpredictable events or distortions which cannot be modeled by the continuous
trend (no discontinuity) of the GBM model.
From the solution point of view, we used a piecewise linearisation method that added a
significant number of binary variables to the optimisation problem. This may raise concern
as to how we can face larger problems in reality. Although we discussed the computational
time/gap of the solver to prove that the model is comparable with similar models in SCND
literature, in real cases, other methods, such as outer approximation (OA), spatial branch
and bound, Quesada-Grossmann OA, extended cutting plane (ECP), and generalised ben-
ders decomposition approaches can be further examined with our model to improve the
computational aspects of the problem.
We considered several important aspects of the SCN redesign problem; however, further
research on embedding financial and risk elements in the SCND problem is needed. For in-
stance, in our study, we only considered the risks of demand, price, and the correlation
between them for each product. Moreover, we can deliberate the correlation of the demand
and price of a product on the other products of the company or market, especially when
they are launched as a new product. In addition, other sources of risk, such as supply-side
uncertainties, can be studied (Cucchiella and Gastaldi, 2006). Our proposed model solved
an entirely profit- and cost-based problem. It could be extended by presenting the perfor-
mance of an SCN company rather than these common objectives. Our model can further be
extended to accommodate further financial aspects of SCN redesign, such as working cap-
ital and cash flow management, increasing shareholder value, and even corporate finance
decisions (Camerinelli, 2009; Guillen et al., 2007; Longinidis and Georgiadis, 2014).
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6.5 Limitations and future directions for the FPI model
Although this study enriches the SCND literature by introducing the FPI model and deliber-
ating several important aspects of a network design problem, it is not lacking in restrictions.
First, we assumed that the SCN belonged to a company of which we investigated all ac-
counts related to the change of network, whereas in some real cases, several companies
are cooperating to manage their network. On these occasions, we need to split the accounts
and aforementioned parameters or variables based on the companies’ cooperation ratio and
apply the ratios to the relevant financial statements.
Second, we took the profitability margins as the financial performance of the SC com-
pany and gained the turnover ratios as the recommended targets for every time period;
however, our study can simply be extended to include the turnover ratios in the constraints
of the model as suggested by Longinidis and Georgiadis (2011). Moreover, we considered
a single objective structure for our stochastic model with the intention of reducing computa-
tional effort, but it can be formulated as a multi-objective considering two or more profitability
margins and turnovers.
Regarding the solution approach used in this study, we employed a piecewise linearisa-
tion method as well as the branch and cut technique for converting our nonlinear elements.
Further optimisation techniques, such as benders decomposition, genetic algorithm, or outer
approximation can be applied to improve the computational run time and gap on the assump-
tion that the network is of greater size or the nonlinear terms are extended (Williams, 2009).
From the prospective of the strategic decisions made in an SC, the study can be ex-
tended by using computer simulation and strategic management decision making process.
Finally, future study on the methods of project finance might enrich the technique of
providing funds for the new design. Required money can be even secured by the project as-
sets and disbursed completely from the new design’s cash flow, instead of from the general
assets. This attitude can grant more benefits with respect to managerial insights.
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Basic model
A.1 Nomenclature
In order to formulate the SCN redesign problem in the basic model, the notations described
below is employed.
A.1.1 Indices
i Working factories (i = 1, 2, ..., I)
j′ Existing DCs (j′ = 1, 2, ..., J ′)
j Candidate locations for establishing new DCs (j = 1, 2, ..., J)
k Existing and new markets (k = 1, 2, ...,K)
p′ Present products (p′ = 1, 2, ..., P ′)
p New products (p = 1, 2, ..., P )
Tn Time periods (n = 1, 2, ..., N )
T Duration of each time period
t Continuous time index during each time period
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A.1.2 SCN parameters
Xij′ 1 if the route between the factory i and existing DC j′ is feasible; ∅ otherwise
Xij 1 if the route between the factory i and new DC j is feasible; ∅ otherwise
Xj′k 1 if the route between the existing DC j′ and the new market k is feasible; ∅ otherwise
Xjk 1 if the route between the new DC j and the new market k is feasible; ∅ otherwise
Fpi 1 if new product p is intended to be produced in factory i; ∅ otherwise
Pp′iTn Predicted production quantity of present product p′ in factory i during time period Tn
Pmaxpi Maximum production capacity of new product p in factory i
Imaxp′i Maximum inventory capacity of present product p
′ in factory i
Imaxpi Maximum inventory capacity of new product p in factory i
DCmaxj′ Maximum capacity of existing DC j
′
DCmaxj Maximum capacity of new DC j
Dp′kTn Demand of present product p′ in market k during time period Tn
DpkTn Demand of new product p in market k during time period Tn
Vp′kTn Value (price) of one unit of present product p′ in market k during time period Tn
VpkTn Value (price) of one unit of new product p in market k during time period Tn
λp′ Coefficient relating capacity of storage of present product p′
λp Coefficient relating capacity of storage of new product p
α Annual rate of interest
r Continuous annual rate of interest
M A large number used for defining some constraints
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A.1.3 Financial parameters
FFpi Infrastructure Cost of equipping factory i for producing new product p
FCj Infrastructure Cost of establishing new DC j
FMk Infrastructure Cost of establishing new market k
PCp′i Production Cost of one unit of present product p′ in factory i
PCpi Production Cost of one unit of new product p in factory i
TCp′ij′ Transportation Cost of one unit of present product p′ transported from factory i to existing
DC j′
TCp′ij Transportation Cost of one unit of present product p′ transported from factory i to new
DC j
TCpij′ Transportation Cost of one unit of new product p transported from factory i to existing
DC j′
TCpij Transportation Cost of one unit of new product p transported from factory i to new DC j
TCp′j′k Transportation Cost of one unit of present product p′ transported from existing DC j′ to
market k
TCp′jk Transportation Cost of one unit of present product p′ transported from new DC j to
market k
TCpj′k Transportation Cost of one unit of new product p transported from existing DC j′ to
market k
TCpjk Transportation Cost of one unit of new product p transported from new DC j to market k
ICp′i Inventory Cost of one unit of present product p′ held in factory i
ICpi Inventory Cost of one unit of new product p held in factory i
ICp′j′ Inventory Cost of one unit of present product p′ held in existing DC j′
ICp′j Inventory Cost of one unit of present product p′ held in new DC j
ICpj′ Inventory Cost of one unit of new product p held in existing DC j′
ICpj Inventory Cost of one unit of new product p held in new DC j
SCp′k Shortage Cost of one unit of present product p′ in market k
SCpk Shortage Cost of one unit of new product p in market k
SVp′k Salvage Value of one unit of present product p′ in market k
SVpk Salvage Value of one unit of new product p in market k
Budg Budget proposed for establishing DCs, markets and manufacturing infrastructures
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A.1.4 Exogenous variables
Cj′ 1 if the existing DC j′ is used for distributing new products; ∅ otherwise
Cj 1 if new DC j is established for distributing new and/or present products; ∅ otherwise
PpiTn Production quantity of new product p in factory i during time period Tn
Qp′ij′Tn Quantity of present product p′ transported from factory i to existing DC j′ during time
period Tn
Qp′ijTn Quantity of present product p′ transported from factory i to new DC j during time period
Tn
Qpij′Tn Quantity of new product p transported from factory i to existing DC j′ during time period
Tn
QpijTn Quantity of new product p transported from factory i to new DC j during time period Tn
Qp′j′kTn Quantity of present product p′ transported from existing DC j′ to market k during time
period Tn
Qp′jkTn Quantity of present product p′ transported from new DC j to market k during time period
Tn
Qpj′kTn Quantity of new product p transported from existing DC j′ to market k during time period
Tn
QpjkTn Quantity of new product p transported from new DC j to market k during time period Tn
A.1.5 Endogenous variables
Ip′iTn Inventory level of present product p′ held in factory i at the end of time period Tn
IpiTn Inventory level of new product p held in factory i at the end of time period Tn
Ip′j′Tn Inventory level of present product p′ held in existing DC j′ at the end of time period Tn
Ip′jTn Inventory level of present product p′ held in new DC j at the end of time period Tn
Ipj′Tn Inventory level of new product p held in existing DC j′ at the end of time period Tn
IpjTn Inventory level of new product p held in new DC j at the end of time period Tn
A.2 Proof of theorem 4.2.1
For convenience, we omit index pk in all related equations. Let Y1(Tn) := ln(DTn/DTn−1), y1 :=
Y1(Tn) + µ1, Y2(Tn) := ln(VTn/VTn−1) and y2 := Y2(Tn) + µ2. Then,
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E [VTn max(QTn −DTn , 0)]
= E
[
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]
= VTn−1
∫ ∞
−∞
∫ ln(QTn/DTn−1 )
−∞
eµ2+y2(QTn −DTn−1eµ1+y1)
1
2piσ1σ2
√
1− ρ212
× exp
[
− 1
2(1− ρ212)
(
y21
σ21
+
y22
σ22
− 2ρ12y1y2
σ1σ2
)]
dy1dy2
= VTn−1QTn
∫ ∞
−∞
∫ ln(QTn/DTn−1 )
−∞
eµ2+y2
1
2piσ1σ2
√
1− ρ212
× exp
[
− 1
2(1− ρ212)
(
y21
σ21
+
y22
σ22
− 2ρ12y1y2
σ1σ2
)]
dy1dy2
− VTn−1DTn−1
∫ ∞
−∞
∫ ln(QTn/DTn−1 )
−∞
eµ1+µ2+y1+y2
1
2piσ1σ2
√
1− ρ212
× exp
[
− 1
2(1− ρ212)
(
y21
σ21
+
y22
σ22
− 2ρ12y1y2
σ1σ2
)]
dy1dy2
(A.1)
The first set of integrals is calculated by completing squares,
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Similarly,
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A.3 Proof of theorems 4.2.2 and 4.2.3
During each time period Tn the stochastic differential equation dDt = µDDtdt + σDdWDt has an
analytic solution
Dt = D0 exp
((
µD − σ
2
D
2
)
t+ σDW
D
t
)
.
Let µ1 =
(
µD − σ
2
D
2
)
T , σ21 = σ2DT . Then, under the real-world probability, the expected value of the
vanilla call option, max(DTn −QTn , 0) is
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Similarly, the real world expected value of the vanilla put option max(QTn −DTn , 0), is
E[max(QTn −DTn , 0)] =QTnΦ
(
ln(QTn/DTn−1)− µ1
σ1
)
−DTn−1e
(
µ1+
σ21
2
)
Φ
(
ln(QTn/DTn−1)− µ1 − σ21
σ1
)
A.4 Input parameters of the case study
TABLE A.1: Case Study: Production Estimates for Present Products for each
time period (1000 tonnes/year)
Pp′iTn i1 i2 i3
p′1 122 328 174
p′2 81 0 124
p′3 284 219 273
p′4 122 0 174
p′5 203 182 249
TABLE A.2: Case Study: Selection and Maximum Capacity of Production for
New Products (1000 tonnes/year)
Fpi|Pmaxpi i1 i2 i3
p1 0|70 1|90 1|137
p2 1|30 0|0 1|59
TABLE A.3: Case Study: Demand (1000 tonnes/year) for Present Products at
the Start of Planning Time Horizon
Dp′kT0 k1 k2 k3 k4 k5 k6 k7 k8 k9
p′1 8 104 221 204 10 59 3
p′2 5 58 123 11 113 6 33
p′3 369 32 340 68
p′4 52 111 10 102 5 30 20 2
p′5 87 185 170 49 34 3
A.5 Detailed results of the case study
Optimal quantity of new products manufactured in the cement factories of the case study company
are shown in Table A.18. Optimal inventory level of products in factories, existing DCs, and new DCs
of the the case study company at the end of each time period are shown in Tables A.19, A.20, and
A.21. Optimal quantities delivered to the markets are shown in Table A.22.
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TABLE A.4: Case Study: Price (AU$/tonne) for Present Products at start of
Planning Time Horizon
Vp′kT0 k1 k2 k3 k4 k5 k6 k7 k8 k9
p′1 214 225 248 248 272 225 299
p′2 356 375 413 392 413 454 375
p′3 234 223 234 258
p′4 355 391 371 391 430 355 430 473
p′5 265 292 292 265 321 353
TABLE A.5: Case Study: Estimation of Demand (1000 tonne/year) and Price
(AU$/tonne) for New Products at Start of Planning Time Horizon
DpkT0 k3 k5 k8 k9 VpkT0 k3 k5 k8 k9
p1 31 35 46 45 p1 308 308 338 354
p2 31 35 37 35 p2 370 370 405 425
TABLE A.6: Case Study: Factory Infrastructure Costs (AU$m)
FFpi i1 i2 i3
p1 10.1 13.2 20.2
p2 4.3 8.6
TABLE A.7: Case Study: Infrastructure and Inventory Costs in New DCs
FCj ICp′j&ICpj
(AU$m) (AU$/tonne)
Bulk Packaged
j1 1.6 35 50
j2 1.9 30 60
j3 2.5 45 85
j4 3.5 45 90
TABLE A.8: Case Study: Transportation Costs of Bulk Cement from Factories
to Existing DCs (AU$/tonne)
j′1 j
′
2 j
′
3 j
′
4 j
′
5
i1 185 23 142
i2 26 120
i3 116 23
TABLE A.9: Case Study: Transportation Costs of Packaged Cement from Fac-
tories to Existing DCs (AU$/tonne)
j′1 j
′
2 j
′
3 j
′
4 j
′
5
i1 222 28 171
i2 31 144
i3 139 28
TABLE A.10: Case Study: Transportation Costs of Bulk Cement from Factories
to New DCs (AU$/tonne)
j1 j2 j3 j4
i1 262 320 140
i2 362 122 28
i3 111
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TABLE A.11: Case Study: Transportation Costs of Packaged Cement from Fac-
tories to New DCs (AU$/tonne)
j1 j2 j3 j4
i1 314 320 167
i2 362 146 34
i3 133
TABLE A.12: Case Study: Transportation Cost of Bulk Cement from Existing
DCs to Markets (AU$/tonne)
k1 k2 k3 k4 k5 k6 k7 k8 k9
j′1 23 189 246
j′2 189 23 220 286
j′3 15 54 233
j′4 106 23 81
j′5 102 23
TABLE A.13: Case Study: Transportation Costs of Packaged Cement from Ex-
isting DCs to Markets (AU$/tonne)
k1 k2 k3 k4 k5 k6 k7 k8 k9
j′1 28 227 296
j′2 227 28 264 343
j′3 17 64 280
j′4 127 28 98
j′5 122 28
TABLE A.14: Case Study: Transportation Costs of Bulk Cement from New DCs
to Markets (AU$/tonne)
k1 k2 k3 k4 k5 k6 k7 k8 k9
j1 104
j2 11
j3 48 11 37
j4 7 24 112
TABLE A.15: Case Study: Transportation Costs of Packaged Cement from New
DCs to Markets (AU$/tonne)
k1 k2 k3 k4 k5 k6 k7 k8 k9
j1 124
j2 13
j3 58 13 44
j4 8 29 112
TABLE A.16: Case Study: Initial Inventory Levels of Present Products in Facto-
ries (1000 tonne)
i1 i2 i3
p′1 24 65 35
p′3 58 44 55
p′5 30 27 37
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TABLE A.17: Case Study: Initial Inventory Levels of Present Products in Exist-
ing DCs (1000 tonne)
j′1 j
′
2 j
′
3 j
′
4 j
′
5
p′1 12 12 21 25 17
p′2 8 8 7 6 12
p′3 28 28 25 24 27
p′4 12 12 10 9 17
p′5 20 20 21 21 25
TABLE A.18: Case Study: Production Quantity of New Products in Factories
(1000 tonne)
Time period 1 Time period 2 Time period 3
i1 i2 i3 i1 i2 i3 i1 i2 i3
p1 90 38 90 39 90 40
p2 30 38 30 39 30 40
TABLE A.19: Case Study: Optimal Inventory Level of New and Present Prod-
ucts in Factories (1000 tonne)
Time period 1 Time period 2 Time period 3
i1 i2 i3 i1 i2 i3 i1 i2 i3
p′1 40 52 50 39 52 25 34 13
p′3 47 61 59 47 61 35 47
p′5 56 52 70 56 41 70 56 12 70
TABLE A.20: Case Study: Optimal Inventory Level of New and Present Prod-
ucts in Existing DCs (1000 tonne)
Time period 1 Time period 2 Time period 3
j′1 j
′
2 j
′
3 j
′
4 j
′
5 j
′
1 j
′
2 j
′
3 j
′
4 j
′
5 j
′
1 j
′
2 j
′
3 j
′
4 j
′
5
p′1 2 25
p′2 1 2
p′3 28 38 8 28 28 54
p′4 23 25 11 25 30
p′5 9 8 4 9 25 7 9 51 5
TABLE A.21: Case Study: Optimal Inventory Level of New and Present Prod-
ucts in New DCs (1000 tonne)
Time period 1 Time period 2 Time period 3
j1 j2 j3 j4 j1 j2 j3 j4 j1 j2 j3 j4
p′4 5
p′5 6 3
103
Appendix A. Basic model
TABLE A.22: Case Study: Optimal Quantities Delivered to Markets (1000 tonne)
New SCN Existing SCN
k Tn p1 p2 p
′
1 p
′
2 p
′
3 p
′
4 p
′
5 Total p′1 p′2 p′3 p′4 p′5 Total
1 12 5 17 12 5 17
1 2 8 8 9 9
3 8 8 8 8
1 113 53 48 131 345 113 53 54 131 351
2 2 116 55 49 134 354 116 55 49 134 354
3 119 56 50 137 362 119 56 50 137 362
1 28 241 45 402 102 202 1020 241 45 402 102 278 1068
3 2 29 247 26 413 36 207 958 247 26 413 36 207 929
3 30 253 25 423 107 212 1050 253 25 423 107 212 1020
1 35 11 46 35 11 46
4 2 36 11 47 36 11 47
3 37 11 48 37 11 48
1 39 39 222 104 313 111 185 1013 222 104 371 111 185 993
5 2 40 40 228 107 321 114 190 1040 228 107 380 114 190 1019
3 41 41 234 109 329 117 195 1066 234 109 390 117 195 1045
1 11 6 5 22 11 6 5 22
6 2 11 6 17 11 6 17
3 11 6 17 11 6 17
1 64 30 45 74 213 64 30 45 74 213
7 2 66 21 46 55 188 66 21 46 55 188
3 68 15 34 56 173 68 15 34 56 173
1 11 74 6 37 128
8 2 76 38 114
3 44 34 39 161
1 41 23 3 3 70
9 2 42 33 3 78
3 44 34 3 81
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A.6 Result of case study - Figures
The following set of figures in animation style depict the sensitivity analysis of the basic model with
respect to different parameters. By using the arrow keys located under every plot, the other figures
can be demonstrated.
Equation 40 Equation 41
FIGURE A.1: Case Study: Linearisation of Nonlinear Equations with respect to
µD
New products Existing products
FIGURE A.2: Case Study: Transportation of Products in New SCN with respect
to µD
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Equation 38 Equation 39
Equation 40 Equation 41
FIGURE A.3: Case Study: Linearisation of Nonlinear Equations with respect to
σD
New products Existing products
FIGURE A.4: Case Study: Transportation of Products in New SCN with respect
to σD
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New products Existing products
FIGURE A.5: Case Study: Transportation of Products in New SCN with respect
to µV
New products Existing products
FIGURE A.6: Case Study: Transportation of Products in New SCN with respect
to σV
New products Existing products
FIGURE A.7: Case Study: Transportation of Products in New SCN with respect
to ρ12
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B.1 Nomenclature
In the FPI model, the required indices for operational parameters are defined as similar to the those
of the basic model; however, new financial parameters and variables required for the new model are
defined as follows:
New Financial Parameters
FC0j Infrastructure Cost of establishing new DC j at the beginning of the new design
FCMj Scrap value of the infrastructure of new DC j at the end of its useful life Mj
FM0k Infrastructure Cost of establishing the facility of new market k at the beginning of the
new design
FMMk Scrap value of the infrastructure of new market k at the end of its useful life Mk
GCpkn COGS Cost of one unit of new product p sold in market k
Loan Lump-sum money borrowed from a lender for financing the new design
CTRn Company tax rate at the end of time period Tn
SR Short-term interest rate within 12 months after the balance sheet date
LRn Long-term interest rate during time period Tn
New Exogenous Variables
βCCE Percentage of available cash and cash equivalent used for financing the new design
New Endogenous Variables
Budg Budget required for performing the new design
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B.2 Typical financial statements of an SCN company
and their relevant nomenclature
TABLE B.1: Case Study: Typical Income Statement of a Company and its Rel-
evant Nomenclature Used in the FPI Model
Nomenclature* Pa** EV** SCN company - Income statements - Annual year Ti (AU$m)
NS ′n,∆NSn, NSn ! Net sales 1,396.2
SGA′n,∆SGAn, SGAn ! Selling, general and administrative expenses 196.0
COGS ′n,∆COGSn, COGSn ! Cost of goods sold 885.8
EBITDA′n,∆EBITDAn, EBITDAn ! Earnings before interest, tax, depreciation and amortisation 314.4
AMZ ′n,∆AMZn, AMZn ! Amortisation -
EBITD′n,∆EBITDn, EBITDn ! Earnings before interest, tax and depreciation 314.4
DPR′n,∆DPRn, DPRn ! Depreciation 46.8
EBIT ′n,∆EBITn, EBITn ! Earnings before interest and tax 267.6
INT ′n,∆INTn, INTn ! Interest payments 13.0
EBT ′n,∆EBTn, EBTn ! Earnings before tax 254.6
TX ′n,∆TXn, TXn ! Tax 68.4
NOPAT ′n,∆NOPATn, NOPATn ! Net operating profit after tax 186.2
DIV ′n,∆DIVn, DIVn ! Dividends 81.2
ARE ′n,∆AREn, AREn ! Addition to retained earnings 105.0
** The prime symbol is used to define the account considering only the existing structure of the SCN (before applying the plan);
* The ∆ symbol is used to define the changes that the plan imposes to the account;
* The last nomenclature defines the account considering the new structure of the SCN (after applying the plan)
** Pa: Parameter or EV: Endogenous Variable
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TABLE B.2: Case Study: Typical Balance Sheet of an SCN Company and its
Relevant Nomenclature Used in the FPI Model
Nomenclature* Pa** EV** SCN company - Balance sheet - As at the end of annual year Ti (AU$m)
Assets
CCE ′n,∆CCEn, CCEn ! Cash and cash equivalents 11.5
AR′n,∆ARn, ARn ! Accounts receivable 204.6
IV ′n,∆IVn, IVn ! Inventories value 160.2
OLA′n,∆OLAn, OLAn ! Other liquid assets 3.8
CA′n,∆CAn, CAn ! Total current assets 380.1
FA′n,∆FAn, FAn ! Fixed assets 1,047.2
IA′n,∆IAn, IAn ! Intangible assets 423.8
ADP ′n,∆ADPn, ADPn ! Less: Accumulated depreciation 34.4
TA′n,∆TAn, TAn ! Total assets 1,816.7
Liabilities and shareholders’ equity
AP ′n,∆APn, APn ! Accounts payable 117.0
STD′n,∆STDn, STDn ! Short-term debt 47.7
OCL′n,∆OCLn, OCLn ! Other current liabilities 3.3
CL′n,∆CLn, CLn ! Total current liabilities 168.0
LTD′n,∆LTDn, LTDn ! Long-term debt 438.6
TL′n,∆TLn, TLn ! Total Liabilities 606.6
COC ′n,∆COCn, COCn ! Contributed capital 726.8
RER′n,∆RERn, RERn ! Retained earnings 483.3
RSU ′n,∆RSUn, RSUn ! Revaluation surplus 0.0
TE ′n,∆TEn, TEn ! Total equity 1,210.1
- Total liabilities and equity 1,816.7
** The prime symbol is used to define the account considering only the existing structure of the SCN (before applying the plan);
* The ∆ symbol is used to define the changes that the plan imposes to the account;
* The last nomenclature defines the account considering the new structure of the SCN (after applying the plan)
** Pa: Parameter or EV: Endogenous Variable
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B.3 Nomenclature of the linearisation method
Indices
l1 Approximation lines substituted with the first CDF function in Equation (5.26)
(l1 = 1, 2, ..., L1)
l2 Approximation lines substituted with the second CDF function in Equation (5.26)
(l2 = 1, 2, ..., L2)
Parameters
ml1pkn Intercept for line l1 regarding the first CDF function in Equation (5.26)
bl1pkn Slope for line l1 regarding the first CDF function in Equation (5.26)
lowerl1pkn Lower bound for correspondent line l1
upperl1pkn Upper bound for correspondent line l1
ml2pkn Intercept for line l2 regarding the second CDF function in Equation (5.26)
bl2pkn Slope for line l2 regarding the second CDF function in Equation (5.26)
lowerl2pkn Lower bound for correspondent line l2
upperl2pkn Upper bound for correspondent line l2
Variables
Yl1pkn 1 if line l1 is selected in the optimised model; ∅ otherwise
Ql1pkn Quantity correspondent to line l1 in the optimised model
Yl2pkn 1 if line l2 is selected in the optimised model; ∅ otherwise
Ql2pkn Quantity correspondent to line l2 in the optimised model
111
Appendix B. FPI model
B.4 Detailed input data and results of the case study
TABLE B.3: Case Study: Common Size Income Statement - Budgeted at the
Beginning of Time Horizon Only for the Existing Products and Structure of the
Company (AU$m)
Time period T0 % T1 T2 T3 T4 T5 NPV
Net sales 1,396.2 100% 1,431.1 1,466.9 1,503.6 1,541.1 1,579.7 6,981.0
Selling, general and administrative expenses 196.0 14% 200.9 205.9 211.1 216.4 221.8 980.0
Cost of goods sold 885.8 63% 908.0 930.6 953.9 977.8 1,002.2 4,429.0
Earnings before interest, tax, depreciation and amortisation (EBITDA) 314.4 23% 322.3 330.3 338.6 347.0 355.7 1,572.0
Amortisation - - - - - - - -
Earnings before interest, tax and depreciation (EBITD) 314.4 23% 322.3 330.3 338.6 347.0 355.7 1,572.0
Depreciation 46.8 3% 46.8 46.8 46.8 46.8 46.8 217.4
Earnings before interest and tax (EBIT) 267.6 19% 275.5 283.5 291.8 300.2 308.9 1,354.6
Interest payments 13.0 1% 13.3 13.7 14.0 14.4 14.7 65.0
Earnings before tax (EBT) 254.6 18% 262.1 269.9 277.8 285.9 294.2 1,289.6
Tax 68.4 5% 70.1 71.9 73.7 75.5 77.4 342.0
Net operating profit after tax (NOPAT) 186.2 13% 192.0 198.0 204.1 210.4 216.8 947.6
Dividends 81.2 6% 112.7 105.1 95.8 85.0 132.0 492.6
Addition to retained earnings 105.0 8% 79.3 92.9 108.3 125.4 84.8 455.0
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TABLE B.4: Case Study: Common Size Balance sheet - Budgeted at the Be-
ginning of Time Horizon Only for the New Structure of the Company (AU$m)
Time period T0 % T1 T2 T3 T4 T5 NPV
Assets
Cash and cash equivalents 11.5 0.6% 11.7 12.0 12.2 12.4 12.7 56.6
Accounts receivable 204.6 11.3% 208.7 212.9 217.1 221.5 225.9 1,008.2
Inventories value 160.2 8.8% 163.4 166.7 170.0 173.4 176.9 789.4
Other liquid assets 3.8 0.2% 3.9 4.0 4.0 4.1 4.2 18.8
Total current assets 380.1 20.9% 387.7 395.5 403.4 411.4 419.7 1,872.9
Fixed assets 1,047.2 57.6% 1,068.1 1,089.5 1,111.3 1,133.5 1,156.2 5,159.8
Intangible assets 423.8 23.3% 432.3 440.9 449.7 458.7 467.9 2,088.1
Less: Accumulated depreciation 34.4 1.9% 35.0 35.7 36.4 37.1 37.9 169.0
Total assets 1,816.7 100.0% 1,853.1 1,890.2 1,928.0 1,966.6 2,005.9 8,951.9
Liabilities and shareholders’ equity
Accounts payable 117.0 6.4% 119.3 121.7 124.2 126.6 129.2 576.4
Short-term debt 47.7 2.6% 48.7 49.6 50.6 51.6 52.7 235.0
Other current liabilities 3.3 0.2% 3.4 3.4 3.5 3.6 3.6 16.2
Total current liabilities 168.0 9.2% 171.4 174.8 178.3 181.8 185.5 827.8
Long-term debt 438.6 24.1% 438.6 438.6 438.6 438.6 438.6 2,037.7
Total Liabilities 606.6 33.4% 610.0 613.4 616.9 620.4 624.1 2,878.9
Contributed capital 726.8 40.0% 764.7 803.1 812.4 881.9 922.2 3,878.9
Retained earnings 483.3 26.6% 478.5 473.7 468.9 464.3 459.6 2,180.0
Revaluation surplus 0.0 0.0% 0.0 0.0 29.8 0.0 0.0 27.7
Total equity 1,210.1 66.6% 1,243.2 1,276.8 1,311.1 1,346.1 1,381.8 6,086.5
Total liabilities and equity 1,816.7 100.0% 1,853.1 1,890.2 1,928.0 1,966.6 2,005.9 8,951.9
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